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Abstract
The overarching aim of this thesis was to develop a method of enhancing adhesive 
performance by introducing a self-repair capability into it. It was envisaged that such a capability 
would act to mitigate against degradation through environmental attack. Specifically it was 
desirable for the adhesive to be able to repair damage to the interface region of the joint, where 
defect formation may include zero-volume unbonds (ZVU) or similar artefacts.
To achieve this, a means of introducing a repair material into the adhesive during manufacture. 
Encapsulation technology was seen as a means of achieving this, allowing the repair 
component to be introduced during manufacture, yet partitioned away from the reactive 
adhesive components and held in storage until triggered by a damage related event. The 
optimum trigger in this case would be the presence of moisture i.e. release would occur in 
response to the ingression of moisture into the adhesive joint.
A review of encapsulation technologies and applications was therefore undertaken and a 
number of techniques identified as means of encapsulating potential repair materials, which 
were also identified in this study. The selected techniques were coacervation, emulsion-solvent 
evaporation and interfacial polymerisation, while three adhesive monomers were selected as 
repair materials -  methyl methacrylate (MMA), 2-ethyi hexyl methacrylate and 2-ethyl 
cyanoacrylate.
A series of experiments were attempted to encapsulate these repair materials, with limited 
success. Only MMA was successfully encapsulated, but the shell material was not ideal for the 
envisaged trigger described. A novel technique was eventually developed and employed to 
encapsulate 2-EHMA and MMA. Encapsulation of MMA was not achieved, though some 
interesting properties of the resultant microspheres were observed. 2-EHMA was encapsulated 
within a shell of PECA, which proved amenable to moisture triggered release of the 
methacrylate.
Thermal analysis of these particles and adhesive components indicated that stability would be 
poor at high cure temperatures and that reactions may take place between shell (PECA) and 
adhesive components, specifically the amine hardener employed. Nether the less, incorporation
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of capsules into a basic epoxide adhesive was achieved, albeit at low cure temperatures. This 
raised a number of problems, such as achieving adequate dispersion of the capsules and 
preventing separation during adhesive cure, it was not possible to address these questions 
within the timescale of the project, but recommendations for future study have made.
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Abbreviations and acronyms used in this thesis
Chemical
EGA 2-ethyl cyanoacrylate
2EHMA 2-ethyl hexyl methacrylate
Ac acacia - also known as gum arabic
DGEBA diglycidylether of bisphenol-A - also known as BADGE
ECA 2-ethyl cyanoacrylate
Ge gelatin
MMA methyl methacrylate
PECA poly (2-ethyl cyanoacrylate)
PMMA polyjmethyl methacrylate)
POPDA poly(oxypropyldiamine)
PVOH po!y(vinyi alcohol)
xxxx(XXXX) capsule notation, where xxxx is the abbreviation for the shell material
and XXXX is the abbreviation for the core e.g. PECA{2-EHMA} for a 
product encapsulating 2-EHMA in a PECA shell.
Instrumentation
DSC Differential scanning calorimetry
DMTA Dynamic mechanical thermal analysis
FTIR Fourier transform - infrared (spectroscopy)
IR Infrared (spectroscopy)
MDSC Modulated differential scanning calorimetry
TGA Thermogravimetric analysis
UV Ultraviolet
UV-Vis Ultraviolet-visible (spectroscopy)
Parameters
Tg Glass transition temperature
Td Degradation temperature
Tm Melting point (temperature)
8 Loss tangent
S Spreading co-efficient
Y Surface free energy - also known as surface tension
d Dispersive - as superscript to y
p Polar - as superscript to y
S Solid (phase) - as subscript to y
V Vapour (phase) - as subscript to y
L Liquid (phase) - as subscript to y
WA Work of adhesion
Wc Work of cohesion
V
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Chapter 1 - Introduction
1.1 Adhesive bonding
Adhesives have been used for millennia. Many ancient cultures employed adhesives prepared 
from animal sources for the bonding of wood and similar materials. In more recent centuries, 
applications have included decoration and book binding, still a common use today. Over the 
course of the 20th century, adhesives have been used in increasingly demanding, structural 
applications, particularly with the advent of synthetic organic resins. Today they can be found 
joining wings in aeroplanes, bonding the heat shield tiles of the NASA shuttle fleet, bonding and 
sealing of windscreens in cars and for the attachment of acoustic dampening materials to 
submarines. Some of these represent the traditionally high technology industries, which have 
played leading roles in the development of adhesives and their applications. Such development 
has been driven by a number of factors including economics, greater environmental awareness 
and the need to join newer non-metallic structural materials such as polymer matrix composites 
(PMC’s).
Adhesive bonding offers a number of advantages over other joining techniques that may be 
considered more traditional, for example, all forms of mechanical fasteners and welding. These 
benefits include:
• the ability to join most material types and to be able to join different types of material 
together in a structure;
• superior fatigue resistance due to improved stress distribution around a bonded joint 
compared with mechanical fastening;
• greater strength-to-weight ratio;
• thermal and electrical insulation between bonded components, unless specifically
formulated otherwise;
• limited thermal or mechanical distortion upon assembly of the structure;
• improved corrosion resistance;
• reduced mass of constructed items.
Thus we can see the numerous benefits of adhesive bonding over the more traditional
1
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techniques. Environmental and economic benefits include the reduction in fuel consumption in 
transport applications (lower mass of bonded structures) and the removal of power intensive 
operations (e.g. welding). Despite these advantages and benefits there are a number of 
drawbacks which limit the applications, and sometimes the willingness of designers to employ 
structural adhesives. These include:
• the requirement for careful surface preparation to remove contamination via mechanical 
or chemical process and possibly changing the surface chemistry of the substrate;
• limited working time (pot-life) of the adhesive before successful application becomes 
impractical;
• possible long cure times and/or high curing temperatures depending on the specific 
nature of the adhesive;
• requirement for jigging of the structure during cure;.
• upper operating temperatures are more limited than for other joining techniques;
• lack of confidence in the ability of adhesive joints to withstand harsh environmental and 
loading conditions experienced in a number of applications.
While all these factors adversely affect application of adhesives, it is the lack of confidence in 
their performance that is the most damaging. This arises from the inability of the adhesive 
scientist or the non-destructive evaluation (NDE) engineer to be able to repeatedly predict when 
such failure may occur, or even where degradation leading to failure is already underway. The 
difficuity in determining the presence of some types of defect is a driver for this work.
1.2 Defects and joint degradation
Ultimate adhesive joint performance is achieved where the adhesive is free from defects. These 
may arise from construction related processes or environmental ageing of the bond-line. 
Common defects from the manufacturing stage have been identified [1] as voiding or porosity 
from air entrapment or the generation of volatiles during cure; interfacial voiding (surface 
unbonds) due to incomplete adhesive wetting of a substrate; regions of poorly (incompletely) 
cured adhesive; cracking from thermal stresses from cure or shrinkage and zero-volume 
unbonds, where adhesive and adherend are in close proximity but have not developed 
significant strength.
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Defect formation can also occur during the service life of the bonded structure, when it is 
exposed to numerous sources of potential degradation from environmental (i.e. operating) 
conditions. The ability of an adhesive joint to withstand such conditions is termed its durability. 
Adhesive durability and environmental factors that may lead to degradation are discussed in 
more detail in Chapter 2.
Whatever the source of degradation of an adhesive bond, it is a potentially serious occurrence. 
It is not always practical or possible to properly inspect an adhesive bond and determine its 
state once in-service, but what may be a soundly bonded structure in the factory will not 
necessarily remain so once exposed to a variety of potentially damaging agents, often working 
in combination. Degradation can be of the adhesive itself (for example, plasticisation of the 
adhesive through adsorption of water); of the adhesive-substrate interface or more rarely of the 
substrate (e.g. metal corrosion, plasticisation of polymer composite matrix). The main cause 
of poor adhesive durability is often the degradation of the adhesive-substrate interface.
The formation of interfacial defects has been identified [e.g. 2,3] as a prelude to joint failure in 
the presence of water. While the presence of water (or other small, diffusing, molecules) can 
result in regions of poor cohesion due to plasticisation of the adhesive, it tends to be the failure 
of the substrate-adhesive interface that predominates. Water is a common environmental agent 
and unfortunately has perhaps the greatest potential to harm many adhesive-substrate 
combinations. For example, the thermodynamic stability of many adhesive-metal joints are 
favourable to when prepared and kept in a “dry” (e.g. 21 °C and 50% RH) atmosphere. This 
stability is however reduced when the joint is exposed to high levels of water - either very humid 
or liquid environments, often to the point where thermodynamics predicts instability of the joint. 
This has obvious implications to the marine industry and the production of adhesives capable 
of wetting and curing underwater is a large field of research in itself.
Ultrasonic non-destructive evaluation (NDE) is extensively used in the analysis of bonded 
components, but has some limitations. Adhesive bonds in complete assemblies are not always 
accessible and even where they are requires a degree of expertise and time to perform. More 
critically, the nature of certain interfacial defects may preclude the use of ultrasound entirely, 
particularly where the actual depth of the defect is very small.
Such defects are those that arise where the adhesive and adherend are in close proximity but
3
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have minimal force acting across, in other words the zero-volume unbonds (ZVU’s) already 
mentioned. The separation may only be a few nanometres (or tens of nanometres), but is 
sufficient to limit the forces acting across and yet still appear continuous to ultrasound. Another 
term applied to these defects by various parties is kissing bond.
Despite their relatively small depth, these defects can limit the strength of an adhesive, 
particularly under adverse environmental conditions when the interface becomes critical to the 
strength of the joint. As NDE cannot currently detect such defects, an alternative method of 
mitigating their effect is desirable.
This thesis proposes one such method which would offer an adhesive the means of recovery 
from the formation of these defects. Should such an adhesive system be realised it would offer 
a further advantage. If an NDE technique existed capable of detecting such defects, the 
structure would then have to be disassembled for repair, whereas the proposed system would 
alleviate this need.
1.3 Project objectives and aims
1.3.1 Objectives
As NDE is not currently able to ascertain the presence of ZVU’s, other methods need to be 
considered to ameliorate against these interfacial defects and thus improve the reliability and 
lifetime of an adhesive joint. The formation of such defects during the cure of an adhesive have 
been addressed previously [4], This project was concerned with the longer term effects and 
their mitigation. In particular it was focussed on the development of a self-detection and repair 
capability that can be incorporated into an adhesive bond. A system with this capability has 
been called a “lifetime compensating adhesive”, or LCA. This is defined as an adhesive that is 
capable of self-activated repair of interfacial defects arising from environmental degradation.
A lifetime compensating adhesive would therefore need to incorporate a material that can effect 
a suitable repair into the primary adhesive. It would therefore effectively be a two-adhesive 
system, the two adhesives partitioned to prevent interaction and protect the repair component 
until required. Two systems were envisaged. In the first, the repair material would be chemically 
attached to the polymer chains of the adhesive. The chemical bond linking then would by
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susceptible to scission by the action of an agent, such as water, allowing the repair component 
to diffuse through the adhesive and ultimately repair the defect. The second system would 
contain the repair material in microcapsuies dispersed throughout the adhesive. These capsules 
would also be susceptible to the action of a agent to trigger the release of the repair 
component.
The criteria for a successful lifetime compensating adhesive have been defined as:
• the repair phase must be stored so that it remains inert - i.e. unable to interact 
chemically or physically with the adhesive components - during and after cure of the 
primary adhesive;
• the repair phase must not be adversely effected by the cure cycle of the matrix;
• the repair phase or its method of containment must be able to respond to an event 
symptomatic of degradation, or the threat of degradation, to the primary adhesive and 
more specifically the adhesion between the adhesive and its substrate;
• the repair phase must be capable of migrating through the primary adhesive to a defect 
site within a suitable timescale and without undue loss of concentration due to 
interactions with the matrix;
• once at the defect, the repair phase must improve the adhesion across it (usually 
through cure or polymerisation);
• any repair should prevent, or at least, delay failure of the joint.
The two approaches were both studied under a programme of work within the Defence and 
Evaluation Research Agency (now QinetiQ) at Farnborough through funding from the MOD and 
DTI. The first approach was carried out at the University of Surrey and is described elsewhere 
[5] while the study reported in this thesis was concerned with the development and analysis of 
the encapsulated repair material approach.
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1.3.2 Aims
The specific aims of the work described in this thesis were to:
• review current encapsulation technology;
• identify materials - for repair phase, encapsulation and model adhesive - and select 
possible encapsulation techniques;
• study the behaviour of potential repair materials in the model adhesive (diffusion);
• undertake encapsulation using those materials and processes identified, and develop 
these processes as required;
• perform analyses of encapsulated materials to determine properties with respect to their 
processing as part of an adhesive system;
• attempt incorporation of capsules into a model adhesive system and observe the effects 
on bulk adhesive properties;
• explore the behaviour of capsules during the ageing of the adhesive.
1.4 Structure of the thesis
Review and discussion of relevant background material is presented in Chapters 2 (adhesive 
durability) and 3 (smart materials, encapsulation and diffusion in polymers). Materials and 
experimental technique selection is reported in Chapter 4. Experimental work is reported in 
Chapters 5 (preparation of microspheres), 6 (preparation of microcapsules), 7 (analysis of 
microparticles), 8 (incorporation into an adhesive) and 9 (results of diffusion experiments). A 
summary of the work and a model of a lifetime compensating adhesive are presented in 
Chapter 10. Finally, Chapter 11 makes some recommendations for advancing the project 
further.
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Chapter 2 - Durability and ageing of adhesive joints
2.1 Adhesive joint durability
In the context of adhesive bonding, durability can be defined as the ability of an adhesive joint 
to retain a significant proportion of its strength while exposed to environmental conditions 
encountered during its operating environment and lifetime. Thus durability is a reflection of the 
degradation in performance of an adhesive joint under operating conditions. Loss of 
performance, i.e. joint strength, can be quite marked as an adhesive bond is aged. 
Understanding whether such processes are likely to occur, the extent to which the adhesive 
joint will be affected and the ramifications should the joint fail are all important aspects related 
to the design of a bonded structure.
Environmental degradation often results in a change in the mode of joint failure. A well prepared 
adhesive bond to most adherends will give a strong bond that will fail in a cohesive manner (i.e. 
through the adhesive layer), reflecting the thermodynamic stability of the joint. Ageing of such 
a joint, say through exposure to a high concentration of water vapour, can result in a loss of 
strength and the tendency for failure to appear between the adhesive and the adherend, as the 
joint becomes thermodynamically unstable. Similar behaviour may be observed with polymeric 
substrates, but failure may occur in the substrate after ageing as these materials will also be 
affected by the same ageing conditions as the joint.
Unlike some forms of mechanical fastening, the degradation of an adhesive joint will often not 
be apparent until failure actually occurs - termed catastrophic failure. This reflects the nature 
of the damage which may take the form of changes to the adhesive structure, the interfacial 
interaction or microcracking and that adhesive joints are generally not visible In an assembled 
structure. In comparison bolts and rivets can be visually inspected quite readily. While this is 
not an ideal inspection, it does give the user confidence (false or otherwise) in the state of the 
fastening and therefore the structure as a whole. The consequences of such failure should be 
readily apparent. If there is no indication of a problem until the structure fails, how can 
preventative maintenance or remedial work be undertaken?
It is therefore preferable to avoid the situation where catastrophic failure could occur. This may
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be achieved through accurate prediction of joint lifetime, enhanced adhesive performance or 
better monitoring of state of the adhesive joint.
2.2 Environmental exposure
2.2.1 Introduction
Environmental exposure can refer to many processes and agents that the adhesive joint will
encounter. Examples include water, ultraviolet (UV) radiation and cleaning agents. These may 
always be present during the lifetime of the bond but only harmful in extremes e.g. high 
concentrations. Others will have no appreciable effect at any point, while some may only effect 
the bond in combination with others. There are many conditions that an adhesive joint may 
encounter in structural bonding applications. Some of the more common are discussed below.
2.2.2 Sources of environmental ageing
2.2.2.1 Temperature
The exposure of an adhesive joint to extremes of temperature is common. As with the majority 
of polymers, its properties will be greatly affected by temperature, particularly around the glass 
transition temperature, Tg.
Adhesives are often selected on the basis of joint strength and modulus, both of which will 
change significantly when passing through the Tg An adhesive is usually selected for its 
properties in either glassy (below Tg) or rubbery (above Tg) and thus service conditions should 
not be such that they span this critical parameter.
Extreme temperatures can degrade the adhesive through scission of chemical bonds, but at 
lower temperatures degradation can occur by chemical reaction with other materials e.g. 
atmospheric oxygen. The nature of the degradation is dependent on the specific chemical 
reactions taking place, but generally result in embrittlement of the adhesive and possibly 
charing. In certain cases, depolymerlsation may occur e.g. poly(methyl methacrylate) (PMMA).
8
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2.2.2.2 Mechanical stress
The degree of stress a bonded joint can withstand is determined by the nature of the adhesive,
the substrate, the adhesive-substrate interface and the speed and geometry of loading. An
applied stress significantly below the failure stress of the adhesive, determined by controlled 
loading, can affect the bond in one of two ways. In a static loading case, the adhesive may 
undergo creep, deforming the polymer and potentially altering the dimensions of the bonded 
system. If such a load is applied in a dynamic manner, i.e. the joint is fatigued, long-term life 
may be substantially shortened.
2.2.2.3 Radiation
Adhesives may be exposed to radiation from the Sun, such as UV or infrared (IR). In more 
specialist applications, nuclear radiation (i.e. a, ¡3, y) may be experienced from radioactive 
materials. A number of effects can be observed when adhesives are exposed to radiation 
sources, including bond scission (and subsequent oxidation) and increased cross-linking 
(leading to embrittlement).
2.2.2.4 Surface contamination
Most substrate surfaces will be contaminated to some degree with various adsorbed species, 
derived from the atmosphere or processing. Metal surfaces in particular can acquire several 
adsorbed layers. Cleaned metal surfaces will tend to form a surface oxide layer in the presence 
of air. Oxides tend to have lower surface energies than the atomic metal, but are still high and, 
given time, a series of species can adsorb onto the surface. These can consist of water and 
various types of organic material. The order of these layers is specific, each layer is formed of 
a material of decreased polarity compared with the previous layer, gradually reducing the 
surface energy of the substrate [6].
Water molecules can be adsorbed from the atmosphere, whereas polar organic contaminants 
may arise from cleaning materials (alcohols and ketones) or processing aids. Non-polar organic 
molecules include hydrocarbons and silicones and are often present on the surfaces of 
processed materials such as mould release agents (for plastics) or lubricants (for metals).
9
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Metal oxides themselves are not strictly contaminants, but their structure and properties may 
not be optimal for adhesive bonding and therefore their removal and replacement or conversion 
is often desirable. The formation of contaminant layers can be quick and therefore cleaning 
generally needs to be followed by bonding or some form surface sealing in a short timescale. 
The reformation of metal oxides is very rapid, occurring within seconds of cleaning and methods 
concentrate on controlling the structure of these oxides, rather than removing them completely.
The effects of contaminant layers on the adhesive bond are discussed in more detail in Section 
2.4, as are methodologies for their removal, replacement or modification,
2.2.2.5 Diffusion
When a molecule is absorbed into the bulk of a solid and migrates through that solid, it is 
diffusing and is known as a penetrant. Diffusion is observed with all polymers and various fluids 
and the process can result in changes to polymer properties through plasticisation and swelling. 
In adhesive joints it can also result in the presence of the penetrant at the adhesive-adherend 
interface.
Of all penetrant species that can adversely affect the long-term behaviour of an adhesive, water 
is the most common and one of the most harmful. Water can be encountered in all three 
physical states, but it as a vapour and liquid that it is the most harmful. It is a unique molecule 
in many ways - it is extremely small and thus highly capable of diffusion into polymer structures, 
but also highly polar allowing it to interact with most structural adhesives, such as epoxides and 
acrylics, and metallic adherends. There are a number of possible processes by which water 
may alter the strength of a bonded joint [7], these include:
•. at the interface, it can reduce the thermodynamic stability of interfacial bonds between 
adhesive and substrate;
• hydration of metallic adherends, altering the physical and chemical structure of the 
metal/metal oxide surface;
• hydrolysis of the adhesive interphase region, altering the adhesive structure at the 
interface;
• generation of internal stresses due to aggregation of water molecules in free volume to 
yield condensed water.
10
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The presence of water at an adhesive-adherend interface tends to reduce the stability of the 
bond. This is a result of the high surface free energy of water, especially its polar component, 
which often makes the formation of adherend-water and water-adhesive interfaces more 
favourable than adhesive-adherend. This has obvious implications to the use of adhesives in 
marine applications, but also in any adhesive bond which may be prepared and cured in ideal 
conditions but then exposed to a wet or highly humid environment. Thermodynamic stability is 
discussed further in Section 2.3.
Water may also interact chemically with metal or metal oxide layers to generate a hydrated 
phase, thus altering the nature of the interface. Such hydrated phases tend to be weaker than 
the oxide and thus result in a weak surface layer.
Adhesive bond-iines in a structure may be exposed to a number of penetrants other than water 
during their service life, such as cleaning solvents, fuels, etc. Aside from the potential for 
plasticisation, some solvents are good swelling agents. As penetrant diffuses into the polymer, 
a swollen outer region is formed, with a non-swollen core. Each imposes a force on the other, 
generating internal stresses which may effect the mechanical integrity of the polymer. In an 
adhesive bond, where a thin layer of adhesive is restrained by rigid adherends, the swelling will 
be restricted and thus the forces generated controlled. However, where the adhesive is 
unconstrained, perhaps through the presence of thin and flexible substrates, swelling may result 
in appreciable deformation of the bond and internal stresses.
2.2.2.6 Adhesive structure
The chemical and morphological characteristics of the adhesive joint will not be uniform, but will 
usually exhibit differences through the thickness of the adhesive, particularly in the interfacial 
region of the joint. The separation of adhesive constituents during cure has been observed [6] 
whereby lighter (i.e. lower molecular weight) fragments are concentrated towards the interface. 
In the cured joint, therefore, these regions will have different characteristics to the bulk 
adhesive, which may influence the nature of failure processes within this region.
2.2.2.7 Electrochemical changes
Under fully immersed conditions, an adhesive joint may be subjected to electrochemical attack.
11
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An example of this is seen in steel-hulled marine vessels, which can suffer from galvanic 
corrosion due to the electrochemical potential set up between the steel and nickel aluminium 
bronze (NAB) used for the propulsors [9]. Three important electrochemical reactions occur:
Corrosion is prevented by providing a source of electrons to the hull, either through a direct 
current (impressed current cathodic protection, ICCP) or by attachment of a sacrificial anode 
(e.g. zinc) which is corroded in preference to the steel. The supply of electrons shifts the anodic 
reaction to the left hand side, but also increases the rate of the cathodic reactions and thus 
production of hydroxyl ions.
Where an adhesive layer exists above the steel, the hydroxyl anions become constrained, 
giving rise to a high pH between metal and polymer layers, which in turn can cause 
delamination. Three mechanisms are proposed for this loss of adhesion - reduction of the 
metal/metal oxide, alkaline hydrolysis of the polymer or attack on polymer-metal bond [10].
2.3 The stability of the adhesive-adherend interface
2.3.1 Adhesion forces
The stability of an adhesive-adherend interface is a function of the surface energies of the 
components involved and it is therefore necessary to consider their nature first.
An adhesive bond between two surfaces is formed through a series of attractive forces, which 
are classified as primary or secondary. The distinction between them is that the former arise 
from electron transfer (essentially chemical bonds such as ionic and covalent bonding) while 
the latter are generated through the interaction of dipoles (van der Waals forces). Secondary 
forces are usually, but not universally, taken to include hydrogen bonds [e.g. 11, 12]. It has 
generally been considered that adhesion results from the secondary forces between the two 
materials, but primary bonding has been shown to exist in some situations, such as with the use
Fe Fe2+ + 2 e  
H20 + 1/20 2 + 2e" ^ 20FT 
2FT + 2e" * H2
Anodic reaction
Cathodic reaction
Cathodic reaction
12
Durability and ageing aspects of adhesive joints
of silane coupling agents [13]. Three forms of Van der Waals forces are recognised: London 
dispersion, Keesom and Debye. London dispersion forces arise from fluctuating dipoles in an 
atom caused by electron motion, and are inherent to all materials. These dipoles are 
instantaneous and the atom or molecule gains no net polarity. Keesom forces derive from the 
interaction of permanent dipoles while Debye forces occur where a permanent dipole induces 
a dipole.
Every material will exhibit these forces to a degree, as defined by its surface energy (Equation 
2.1) which is a summation of the contribution of all the attractive forces i.e. London dispersion 
(Yd), ionic (V), covalent { f ) ,  hydrogen bonding (yh), Keesom dipolar (yk) and Debye induced 
dipolar (ydb).
y  = y d + y * + y c + y h + y k + y db Equammj
It has already been stated that for many adhesion situations ionic and covalent forces are not 
considered to play a significant role and these terms are therefore ignored. Furthermore, all 
materials possess a yd component, but may not have any of the other dipole components. 
Equation 2.1 may therefore be simplified to Equation 2.2 [14].
Y  — Y  ~\~ Y  ^  Equation 2.2
where yp is the polar contribution to surface energy and incorporates Keesom, Debye and 
hydrogen bonding components [15]. It is sometimes written as acid-base contribution, - fb, or 
hydrogen bonding contribution, yh. These terms have been avoided as they can be misleading - 
the acid-base superscript can be confused with an alternative approach to surface energy 
determination (as is briefly discussed below) while hydrogen bonding is just one of the "polar” 
forces that is represented.
Knowledge of the contributions in Equation 2.2 for various liquids forms the basis of surface 
energy determination of solids and subsequent measure of the thermodynamic bond stability 
parameter, the work of adhesion (WA). The yd and yp contributions of many liquids and polymers 
are available in the literature.
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An alternative was proposed by Fowkes [16] whereby polar (i.e. non-dispersive) forces are 
considered to arise from interaction between Lewis acids and bases, that is, electron donors 
(base) and acceptors (acid). Calculation of surface energy or work of adhesion then requires 
knowledge of the acid-base behaviour of each material (Drago constants) and concentration 
of acid-base pairs in the area concerned. Available data for these is however more limited than 
for yd and yp.
As will be discussed in the next section, knowledge of yd and yp for a few liquids enables 
relatively easy determination of solid surface energies and WA. The availability of this data and 
the relative ease with which experimental procedures can be carried out to determine surface 
energies and work of adhesion makes the dispersive-polar approach more valuable in these 
studies.
2.3.2 Contact angles and work of adhesion
For an adhesive to join two surfaces, it needs to wet - i.e. spread across - them. The ability of 
an adhesive to wet a surface can be demonstrated by considering a drop of adhesive being 
placed on that surface, as shown in Figure 2.1. Three force vectors are shown in the image, 
representing the interfacial energies between the different phases present - substrate, adhesive 
and vapour - and are related by the Young-Dupre equation:
Y  S V  ~~ Y S L + Y  L V  CC)S$ Equation2.3
where ysv is the interfacial energy of the substrate-vapour boundary; ySL, interfacial energy of 
the substrate-adhesive (liquid) boundary and yLV, the interfacial energy of the adhesive-vapour 
boundary. 0 is known as the contact angle. It should be noted that ysv is a measure of the 
surface energy of the solid material in the presence of the atmosphere, not of the solid itself
(Ys)-
For low energy solids ysv ~ ys but for high energy surfaces, such as metal oxides, ysv < ys. This 
is due to the adsorption of species from the atmosphere as described in Section 2.2.2.4. 
Furthermore, adsorption of vapour from the liquid drop may also occur, resulting in a drop in
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surface energy. This is known as the equilibrium spreading pressure, ne, and is expressed as 
Equation 2.4.
Figure 2.1: Liquid drop on solid substrate 
71 e — Y  g  Y  g y  Equation2.4
Equation 2.3 can then be modified to Equation 2.5. However, for the purposes of most adhesion 
applications, Equation 2.3 is sufficient as ne is considered to be negligible at 0 >10° [17].
y S ~~ y S L  Y L V  0 ~\~ K e Equation2.5
As a system will always attempt to minimise its surface energy (as evidenced by the ability of 
many surfaces to readily adsorb species from its surroundings), it is possible for an adhesive 
to spontaneously wet a surface if y sv is greater than the sum of the other interfacial energies. 
The propensity of an adhesive to wet a surface spontaneously can be predicted by the 
spreading co-efficient, S, as given in Equation 2.6 [18].
S — — Equation 2.6
where WA is the work of adhesion between the adhesive and the substrate and Wc is the work
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of cohesion of the adhesive. When WA > Wc, i.e. the substrate-adhesive interface is stronger 
than the adhesive, wetting is favourable and a positive value of S is obtained. WA and Wc can 
be expressed in surface energy terms (Equation 2.7).
= Ysv + Y  -  Y sl
t i t  — O ' ) /
VVC  ~  L V
S can therefore be expressed as:
S  “  Y . S V  ~  Y S L  ~  y  L V  Equation2.8
For cases where S < 0 wetting is thermodynamically unfavoured. Another means of assessing 
the ability of a liquid to wet a solid surface is consideration of the critical surface tension, yc. 
This parameter is determined by applying a series of liquids of decreasing surface energy (i.e. 
yL) to the surface and constructing a Zisman [19] plot of cos 0 against yL. The critical surface 
tension is given by extrapolating the curve to cos 0 = 1, i.e. where a liquid has completely wet 
the surface. Any liquid where yL < yc should wet the surface. yc values tend to be similar but 
not identical to, ys. The two parameters can be related by the following expression:
Yc =  Y s  ~  Y s L  "  71 e Equation2.9
As was shown in Equations 2.1 and 2.2, the surface energy of a material is considered to be 
the sum of various components which are simplified to dispersive and polar components. The 
interfacial tension between solid and liquid phases is therefore a function of the individual 
surface energies of each phase and the polar and dispersive forces acting between the two 
phases. This has been expressed as a geometric mean in the form shown in Equation 2.10 
[14]. Wu [17] has proposed a harmonic mean equation but this is not as readily resolved.
Y S L ~  Y S V  ^ Y L V  ~^ (Y sYl) — 2(Y )
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Using the Young-Dupre equation to substitute for y Sl . Equation 2.11 is obtained [12].
This expression allows for the graphical determination of polar and dispersive parameters of 
the solid phase by measuring the contact angle of a series of liquids of known dispersive and 
polar components on the surface. The measurement of contact angles is discussed in Chapter 
4. The left-hand term of Equation 2.11 is plotted as the abscissa against (yJVYlT'5 f°r each 
liquid. Assuming there are no effects due to liquid absorption, dissolution or evaporation, a 
nominally straight line can be constructed, the intercept of which equates to (ysV-5 and the 
slope to (Y s p) 0'5-
With knowledge of these parameters for both surface and adhesive, it is possible to determine 
WA of a substrate-adhesive system. As WA is the work required to form two surfaces by 
separating a joined system, it is equivalent to the forces acting across the interface before 
separation. This is expressed in Equation 2.12, again as a geometric mean.
where Ys refers to the substrate and yA to the adhesive. This approach makes two important 
assumptions, firstly that the parameters Yd and yp are unchanged by the nature of the contacting 
opposing phase and secondly that the surface energy of an adhesive is identical in solid and 
liquid states. Direct measurement of surface energy components is difficult for liquid adhesives 
due to their high viscosity and the ongoing chemical reaction.
An interaction (or correction) parameter, O, has been proposed [20] to better describe the 
interfacial behaviour of some systems and has been used to modify Equation 2.12 so that the 
expression becomes:
Equation 2.11
wa = 2 ((rsdri)°'5 + ( r I r D 0-5) Equation 2.12
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wA = 2jm l r t ? ' 5 + (:r i r l )0'5)
where the interaction parameter is defined as given in Equation 2.14 [21].
(j) — ( d s d L ) ° ' 5 +  ( j P s P l )  Equation 2.14
where ds> dL, p8 and pL are fractional dispersive and polar contributions to interfacial behaviour.
Table 2.1 gives values of 0  for a polymer-to-metal bonding application [22]. In this work, a 
sheet of polyurethane was bonded to a steel plate, which formed part of a marine platform that 
would experience a large amount of time below the waterline. The bonding process was 
performed in both dry and wet (i.e. immersed in sea water) conditions, the latter representing 
in-service repair. Epoxide values were determined using the 3M 2216 adhesive system while 
values for polyurethane were determined using a marine cladding casting material. Fe2C>3 [23] 
was used to represent the steel surface.
Two-component System <D WA (mJ m~2)
Epoxide-Polyurethane 1.00 74.7
Epoxide-Steel 0.75 269.6
Steel-Polyurethane 0.79 272.7
Table 2.1: Interaction parameter values for two-component systems [22]
The difference in these systems can be accounted for by considering the polarities (i.e. the ratio 
of Ysp to ys) of each material. Epoxide (0.29) and Polyurethane (0.35) are broadly similar, while 
Fe203 is substantially larger (0.92). These values show the importance of the interaction 
parameter in determining both WA and ysu> at least in cases where differences in polarity are 
significant.
As with spreading coefficients, a positive WA value indicates a favourable condition, i.e. the 
bond is stable. Conversely a negative value implies that the bond is unstable. The values 
presented in Table 2.1 suggest stability of all three systems in “dry” conditions, which is borne 
out by practical experience of these materials. WA will change however if an active third phase
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is present, such as water. Where a third phase is present, Equation 2.12 becomes Equation 
2.15.
wA m  - nrw - O'sJ'w)0'5 - (rS rfr05
- 0 ' Î 4 > ° - 5 -  ( r £ ^ ) ° ' 5 + ( r ^ l ) 0'5 + ( r M ) " ]  Equation2.15
The subscript W, refers to water, and thus WA(W) refers to the work of adhesion in water. 
Essentially water is competing for the surface of the substrate. Table 2.2 compares WA and 
WA(w) values for the same two-component systems used above. It can now be seen that bonds 
involving steel in the presence of water are thermodynamically unstable. In practical terms 
however, an unstable system will not necessarily spontaneously dewet or debond, due to kinetic 
factors. For example, a joint prepared in an environment conducive to a stable bond i.e. in “dry” 
air, is not likely to fall apart immediately on exposure to water. Water needs to be present at the 
interface and thus has first to diffuse through the adhesive over a sufficient area. Furthermore, 
unfavourable wetting maybe overcome by applying work to the system (e.g. with a spatula). 
Dewetting may be inhibited by viscosity of the adhesive.
Two-component system WA (mJ m-2) WA(w) (mJ m~2)
Epoxide-Polyurethane 74.7 27.7
Epoxide-Steel 269.6 -153.5
Steel-Polyurethane 272.7 -162.1
Table 2.2: Work of Adhesion in dry and wet environments [22]
2.4 Enhancing adhesive joint durability
2.4.1 Factors affecting the durability of adhesive joints
As the most common environmental agent encountered in structural bonding applications, this 
discussion will be concerned largely with the effect of water. The durability of an adhesive joint 
is dependent on the nature of the adhesive, adherend and interfacial forces generated between 
the two surfaces.
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The properties of the bulk adhesive are a major factor affecting joint durability. Water diffusion 
into the adhesive may affect the joint by degrading the adhesive-substrate interface or by 
altering bulk adhesive properties, such as Tg. Modification of the adhesive may be undertaken 
to reduce the effects of moisture - for example, the use of fillers to increase diffusion path 
length and thus retard the build-up of moisture in the adhesive, or by reducing the adhesive’s 
affinity and capacity for water, limiting the overall concentration. Water affinity and diffusion are 
controlled on four levels: chemistry, formulation, joint design and manufacture of the bond.
The chemical nature of the components is reflected in the hydrophilicity of the adhesive. For 
example a polar adhesive such as an epoxide is relatively hydrophilic in comparison to a hot- 
melt adhesive based on a hydrocarbon polymer and thus maybe expected to show a higher 
affinity for moisture. In an epoxide, opportunities exist for the association of water molecules 
with hydroxyl groups formed on the polymer backbone by opening of the epoxide ring.
Diffusion coefficients and saturation levels are often altered through the use of additives and 
fillers. For example, hydrophobic materials such as tar-based organic chemicals are sometimes 
added to adhesives for use underwater. The tar gives a degree of tackiness to the adhesive, 
but also reduces diffusion rates. Similarly, common additives for bulking out adhesives, such 
as barytes (barium sulphate), can retard diffusion rates by increasing the path length of a 
diffusing molecule.
Joint design covers selection of adherends and design of the joint (geometry). Adherend type 
plays an important role. Metallic adherends are impermeable to moisture, .but the oxide layer 
may undergo hydration forming a weaker oxide/hydroxide form. In some cases, corrosion of the 
bulk adherend may occur. Polymeric adherends are generally permeable to moisture and 
therefore water can enter the bond line through the adherends as well as the adhesive, this 
resulting in a substantial increase in available surface area for absorption. Furthermore, 
plasticisation and/or swelling of the adherends will lead to stresses on the adhesive. Joint 
geometry has a role to play, in that a well designed joint can limit the ease with which water can 
contact the adhesive bond-line, it is not uncommon to add further protection to an adhesive by 
sealing the exposed edges of a joint with a suitable moisture resistant material.
The correct manufacture of a joint is critical to its performance, not least of all its durability. 
Ensuring bonding surfaces are free from loose material and contaminants are basic steps in
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making an adhesive joint, but considerable effort has been expended on improving joint 
performance through cleaning and pretreatment methodologies and these are discussed in the 
next Section. Contaminant layers can adversely effect the strength and durability of a joint in 
a number of ways. Firstly, poorly adhered surface layers, such as millscale or thin processing 
coatings can act as weak boundary layer, forming a locus for failure when the joint is stressed. 
Secondly, these contaminants may interfere with the adhesion forces generated, by presenting 
a lowered substrate surface energy to the adhesive and altering the dispersive and polar 
components of the surface energy. For example, a hydrocarbon layer would present a substrate 
surface energy in which the polar component, yp, is negligible. Its interaction with a polar 
adhesive, such as an epoxide, as expressed by the Work of Adhesion (Equation 2.12) would 
be small, given that one half of the average would be close to zero.
2.4.2 Preparation of adherend surfaces
2.4.2.1 Preparation techniques
Adherend surface treatment prior to bonding is usually considered important for acceptable 
strength and durability performance. Pretreatment may be to remove contaminants or to modify 
the surface to a more suitable chemical or physical form. The effectiveness of such treatments 
are often directly related to their complexity and many methods exist to suit substrate type, 
nature of the application and of course cost and time constraints. Table 2.3 is a brief summary 
of some of the most common surface preparation techniques employed in adhesive bonding. 
Each preparation is discussed briefly.
2.4.2.2 Degreasing
Degreasing methods are relatively straightforward and remove hydrocarbon contamination and 
loose material from the substrate surface with varying degrees of success. With the correct 
selection of solvent, ultrasonic cleaning is very effective, especially in complicated parts with 
recessed detail or sharp corners. Alkali cleaning can also be very effective and tends to be used 
with metals to remove processing lubricants. All of these methods are designed to clean the 
surface of contamination without modification, but care must be taken to ensure that residues 
are not left behind. This may occur where the cleaning fluid is of low volatility or where a rapid 
dry solvent (e.g. acetone) has evaporated before removal, leaving a film of redeposited oil.
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Degreasing is an important step in the manufacture of a strong adhesive bond and is usually 
the first stage of any more complicated process.
Preparation Common Substrates Comments
Physical (Degreasing) 
methods
Solvent wipe Metals, plastics, glasses Removing processing oils, 
greases and general 
hydrocarbon contaminationUltrasonic cleaning Metals
Alkali cleaning Metals
Physical (Abrasion) methods
Abrasion (e.g. Scotch Brite) Metals, plastics
Grit-blasting Metals, plastics Alumina grit (metals) or plastic 
grit (plastics, paint removal).
Wet and dry variants
Chemical pre-treatments
Acid Etching Aluminium, Titanium, Steel, 
polyolefins
Acid anodising Aluminium, Titanium
Alkali anodising Titanium
Primer Metals, plastics types include:
diluted adhesive derivative
resln-borne corrosion 
protection
activating primers
Coupling agents Metals, glasses, rubbers, 
plastics
Conversion coatings Metals -
Physicochemical
pretreatments
Flame Low surface energy plastics
Corona discharge Low surface energy plastics, 
aluminium foils
Plasma Low surface energy plastics, 
aluminium foils
Table 2.3: Common surface preparation techniques
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2A.2.3 Abrasion
Abrasion techniques seek to alter the surface topography. Aside from removing some forms 
of surface contamination (e.g. deposited salts, light corrosion) to reveal “fresh” substrate, they 
can increase the surface area of the substrate significantly. This is particularly the case with grit 
blasting which removes surface layers in an effective and swift manner. These methods will not 
however completely remove hydrocarbon contamination (indeed grit-blasting may introduce 
small amounts of such contamination from oils in the air feed lines) and the usual procedure 
is to degrease before and after abrasion. Changes to surface chemistry are minimal as any 
removed oxide layer from an active metallic substrate is replaced rapidly in air.
Grit-blasting is sometimes performed wet i.e. the grit is propelled in a combined air-water 
stream. The water helps flush the surface of loose matter and is sometimes used as a carrier 
for anti-corrosion material (e.g. sodium nitrite) [24].
2.4.2.4 Chemical pre-treatments
Chemical pre-treatments include etches and anodising processes and are often used on 
metallic substrates such as aluminium, titanium and steel. On these substrates they perform 
two functions, They remove surface contaminants and existing, naturally occurring oxide layer 
and generate a new oxide layer, the properties of which (i.e. thickness, porosity and structure) 
are controlled.
This control of the oxide layer - specifically its thickness and porosity - is beneficial to both 
enhancing adhesion and corrosion resistance. However, adhesion is enhanced by the formation 
of thinner, porous oxide layers, while corrosion resistance is improved with increasing layer 
thickness and reduced porosity.
The adhesion properties of certain polymeric substrates can be improved by etching. In this 
case the primary role of the etch is to introduce some polarity to the surface of low-polarity 
polymers such as poly(tetraflouroethylene) (PTFE) and polyolefins. For example, PTFE can be 
deflourinated using a sodium naphthalenide etch, generating unsaturated bonds in the surface 
region. Polyolefins can be etched using chromic acid baths but dry methods such as corona 
discharge are preferred [25].
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Etching processes
A suitable etching process should perform the following functions:
• remove "natural” surface oxides and associated contamination,
• generate a new, stronger oxide layer,
• create microroughness, enhancing wettability and surface area.
The natural oxide layer of aluminium is a form known as bayerite, which is considered a poor 
substrate for adhesive bonding due to its susceptibility to further hydration, weakening its 
adhesion to the bulk aluminium, and low failure strength. This form is replaced by the stronger 
boehmite by etching or anodising [6, 26].
Metal etches employ acidic or alkaline solutions. Variants of the chromic-sulphuric acid etch 
(CAE) have been employed in aerospace applications for treating aluminium alloys [24]. CAE 
etches are performed by immersing the part to be treated in the etch solution at a temperature 
between 60 and 70°C, the etch being allowed to proceed for 10 to 30 minutes, prior to rinsing 
with tap water. Aside from removing residual acid and smut, the rinse is thought to play a role 
in forming the oxide layer. A low temperature CAE etch exists (FPL-RT) performed at 22°C, but 
with a much longer etch time (4 hours).
CAE forms an oxide layer approximately 15nm thick and is noted for its capability to give rise 
to high initial joint strengths, but not necessarily sufficiently durable bonds for aerospace 
applications [26, 27]. Where durability is critical to the application therefore, CAE is not 
generally used as pre-treatment in its own right, but is often employed before an anodising step. 
CAE presents environmental hazards owing to the use of hexavalent chromium (Cr6*) and is 
under increasing regulation with regard to waste control.
Other etch processes for metals include phosphoric acid (also used in dentistry), oxalic acid, 
sodium peroxide, hydrochloric acid and hydrofluoric acid. Phosphoric and oxalic acid etches are 
particularly suitable for treating rusted steels as they convert the friable Fe3+ oxide/hydroxide 
rust form, FeO(OH), to the black oxide form, Fe30 4 (Fe2+/Fe3+). The phosphoric etch has also 
been employed for in-field treatment of aluminium for repairs where it is applied as a gel. 
Durability tends to be quite poor however [27]. Hydrofluoric acid etch is generally used for mild
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steels, while sodium peroxide (alkaline etch) is used to treat titanium.
Anodising processes
There are three major anodising techniques utilised with aluminium: chromic acid (CAA), 
phosphoric acid (PAA) and sulphuric acid (SAA). The acid in each case is the electrolyte. 
Anodising performs two major roles in the treatment of metals. The anodic film (i.e. the oxide) 
generated acts as a corrosion protection and can provide an improved surface for wettability 
and adhesion. An oxide layer typically consists of a barrier layer situated next to the bulk metal 
surface and an upper region consisting of pores perpendicular to the surface.
These pores are important to the wetting and adhesion of the metal as they can provide a 
means for the adhesive to penetrate the oxide layer, Increasing surface area, possibly 
enhancing joint performance by a mechanical interlocking effect. This porosity is a negative 
factor in corrosion protection however since it can provide a channel for water attack at the 
oxide-metal interface. Where a good adhesive joint has been made of course, it should act as 
a barrier to corrosive agents. The thickness of the anodic film and its porosity are functions of 
the electrolyte chemistry and process conditions.
SAA tends to form thick films (3,000-30,OOOnm) with narrow pores (approximate diameter 
-1 2nm) [26]. These dimensions make it suitable for corrosion resistance, especially if the pores 
are sealed - a process whereby the anodised aluminium is heat treated by exposure to hot or 
boiling water to block the pores. By sealing the pores, corrosive agents are prevented from 
penetrating into the oxide layer. The thickness of these films is a weakness in a bonded joint 
and hampers thé fatigue performance of these materials. Furthermore the narrow pores are 
less readily penetrated by an adhesive (particularly a viscous material), reducing the strengths 
that could otherwise be achieved. Therefore SAA is not employed in primary bonded aerospace 
structures where fatigue is an issue [28]. It is however common for finishing and exterior 
coatings (“architectural” anodising), where corrosion resistance is the primary aim and adhesion 
is to secondary, low-strength features (such as foams) and paints. It is also a common 
treatment where aluminium parts are dyed by treating with a suitable compound prior to sealing.
Chromic acid anodising generates anodic layers with thicknesses up to ~2,OOOnm and pore 
diameters of ~24nm [26, 29] on aluminium. These surfaces exhibit a columnar structure [30].
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The thinner nature of these layers makes them more suitable for fatigue prone applications and, 
as with SAA, the pores can be sealed by hot water treatment. CAA is used extensively by the 
European aerospace industry for structural bonding of aluminium and to a lesser extent in 
architectural anodising where more durable bonds are required than achieved with SAA. As with 
CAE, it uses Cr6+ and thus replacement in the near future may be required.
Phosphoric acid anodising was developed as a replacement for FPL etching - a CAE process 
that was extensively used in aerospace applications in the USA. PAA forms the most porous 
of the anodised surfaces and is recognised as generating the most durable bonded joints. In 
part this may be due to the extensive large pores developed (>300nm diameter), allowing 
penetration by viscous adhesives and the subsequent increased bonding area. The anodic film 
itself is thinner than those generated by SAA and CAA, in the order of 300nm and this makes 
it less suitable as a corrosion protection. An important advantage of PAA over CAA is that the 
materials employed are less environmentally hazardous.
Anodising processes involve immersing the part in a bath of electrolyte and applying a voltage, 
v usually in the range 40-60V. Bath temperatures are low, typically between ambient and 40°C. 
Rinsing is critical to ensure the removal of acid, particularly where the chromic process has 
been used, as aluminium oxides are unstable in the presence of Cr3+ which may form over time.
Recent work has looked at alternative anodising systems that avoid the use of chromium i.e. 
to replace CAA, but with thicker anodic layers than PAA [28,29]. Phosphoric-sulphuric anodised 
(PSA) 2024 aluminium gave comparable fatigue and peel properties to CAA treated 2024, 
though corrosion performance was not as good without the application of a primer. This was 
attributed to anodic layer thicknesses of ~1,500nm as compared to 2,300nm for CAA (PAA = 
300nm). Pore sizes were comparable [29].
AH chemically pre-treated surfaces have high surface energies and thus should be bonded 
within hours of preparation before significant atmospheric contamination occurs. Alternatively 
a primer can be utilised to seal the surface.
2.4.2.5 Primers
Priming of a surface is performed for several reasons and many primers fulfill more than one
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role. Roles include:
• sealing an etched or anodised surface, extending effective storage times from hours to 
weeks or months;
• improving wettability and adhesion of a surface;
• corrosion protection;
• increasing interfacial interaction;
• surface activation.
Primers are often applied to etched or anodised pieces when such pieces may not be used for 
some time. Freshly etched or anodised metallic surfaces are highly reactive and will quickly 
interact with moisture and organic materials in the atmosphere. Where immediate bonding is 
not desired, applying a primer “seals” the surface, restricting deterioration of the treated surface 
and allowing it to be stored for months before bonding. Such primers are applied via spray, 
brush or dip coating. Probably the most common of this type of primer are the epoxide- 
chromates. These contain strontium chromate as the corrosion inhibitor [31 ] and are employed 
extensively in aerospace manufacture. These primers are good examples of the multi-purpose 
principle as they also give good anti-corrosion properties (through the chromate) and aid 
adhesive wetting (through the low viscosity epoxide). However, strontium chromate contains 
hexavalent chromium and, as with anodising/etching techniques, there is some concern over 
the future of such techniques and a desire that they should be replaced [32].
Good wettability of an adhesive over a surface is important for the formation of a stable bond 
and many commercial adhesive systems are marketed with an associated primer available. 
These primers are often considered essential where an adhesive is going to be exposed to 
severe conditions, such as the aerospace and marine industries. The primer will often be a low 
viscosity formulation, usually based on the same resin chemistry as the adhesive which will be 
used to bond the parts (i.e. epoxide-based primer for epoxide adhesive bonding). The primer 
may even be a modified version of the adhesive formulation, perhaps with reduced fillers and/or 
the addition of a diluent or solvent. By decreasing the viscosity, the primer is more readily able 
to penetrate and fill microfeatures of the substrate surface. Where a solvent is used, it may aid 
in removing residual oils or greases. As the primer shares the same chemistry as the adhesive, 
it forms a compatible layer for the adhesive to wet.
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Primers are also used to aid adhesive bonding in more adverse conditions. For example, 
primers are sometimes used to prepare an immersed surface for bonding. Again the primer is 
often chemically similar to the adhesive to be used but is formulated to more readily displace 
water from the substrate surface and possibly as a binder for loose corrosion (millscale). This 
is typically used where the substrate is a high energy surface such as a steel or aluminium to 
which water is tenaciously bound. An alternative is the mechanical application of a polymer film, 
favourable to adhesive wetting, on to the surface in a process known as SCAP (Sacrificial 
Cleaning And Pretreatment). A circular profile brush is attached to a drill and passed across the 
bonding area. The bristles consist of nylon polymer with embedded silicon carbide particles. As 
the brush is passed over the surface the silicon carbide abrades the surface, removing fouling, 
and nylon is deposited on the surface, yielding the polymer film.
Corrosion inhibition is important where the adhesive bond will be exposed to aqueous 
environments such as saltwater. As mentioned above, the aerospace industry makes extensive 
use of the epoxide-chromates as corrosion resistance is important in many aeroplane 
structures, but alternatives are being sought due to their environmental impact.
2.4.2.6 Coupling agents
Coupling agents are seen as one possible method of replacing, at least in part, chromates as 
primers and pre-treatments. These are used to improve the bonding between adhesive and 
substrate by forming covalent bonds between the two phases. The most extensively used 
coupling agents to date are siloxane (or silane) based, e.g. Y-glycidoxypropyltrimethoxysilane 
(GPS). Coupling agents generally incorporate functional groups tailored to the chemistry of 
each part of the joint. For example, GPS consists of an epoxide group for compatibility (and 
reactivity) with an epoxide adhesive and a trifunctional silane for interaction with a metal 
substrate (typically aluminium). Similarly the functionality could be acrylic or amine in nature and 
the substrate need not be metallic. The silane essentially forms a bridge between the adhesive 
and the metal through bonds of the form M-O-Si, where M is a metal [13]. Silanes are usually 
applied by brushing as an aqueous phase onto the substrate surface, which is then allowed to 
dry prior to bonding. The aqueous solution allows the methoxysilane groups to be hydrolysed 
to form Si-OH which can form covalent linkages to the metal substrate. After drying, the 
substrate is bonded and cured as required by the adhesive. Organosilanes pose less of an 
environmental or safety hazard than etching or anodising techniques and are more readily
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applicable to in-service application (e.g. field repair).
2.4.2.7 Physicochemical pretreatments
Flame, corona-discharge and plasma processes have typically been employed to treat the 
traditionally difficult to bond polymeric surfaces such as the polyolefins. Bonding problems, 
especially with the polar structural adhesives such as epoxides and acrylics, is in part due to 
the lack of polarity of the polymer backbone, consisting predominately of C-C bonds. These 
treatments form an energised gas which attacks the surface introducing polar groups (e.g. 
hydroxyls, ketones and carboxylic acids).
Flame treatment utilises the blue (oxidising zone) of a gas flame (typically a mixture of methane, 
propane and butane). The substrate to be pretreated is passed through this region, where 
active oxygen species are generated and can attack the surface to introduce polar, oxygen- 
containing groups. Flame treatment is the simplest and cheapest of the three techniques and 
is used for the treatment of plastic bottles prior to printing. It is readily used as a continuous 
process for treating films.
The corona-discharge process uses an electric current to cause arcing across a small air gap 
between an electrode and dielectric (using voltages in the order of 10-15kV). Oxygen in this 
region is converted to ozone and radical-oxygen (0») which will attack polyethene and 
polypropene surfaces, introducing polar groups. Like flame treatment, it is a rapid process that 
is often used for continuous treatment of films. Equipment costs are more expensive however 
and for health and safety reasons, excess ozone must be removed.
Plasma treatment is the most complicated and expensive of the these processes. Where flame 
and corona-discharge use oxygen species to modify the target surface, plasma treatment can 
utilise a number of a gases, as long as they can be formed into a plasma. Surfaces can 
therefore be modified to include polar, non-oxygen containing species such as amino groups. 
Alternatively fluorination can be performed, reducing surface energy. The material to be treated 
is placed in a vacuum chamber which is then evacuated to low pressure. The desired gas is fed 
into the chamber and converted to the plasma by microwave or radio frequency (rf) radiation. 
Aside from the greater range of chemical modification that can be achieved, plasma treatment 
is more effective at treating irregular shapes and “obscured” items e.g. fibre bundles. It is not
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however readily adaptable to continuous operation.
The ability of these processes to alter surface energy by increasing surface polarity is shown 
in Table 2.4 These values were determined by contact angle measurements similar to those 
described in Chapter 4. Dispersive values remain relatively unchanged, while yp shows 
significant increase.
Treatment 7s (mJ nr2) ysd (mJ m*2) ysp (mJ nr2)
untreated 29.98 29.95 0.03
flame 39.19 30.20 8.31
corona 38.50 30.19 8.99
Table 2.4: surface energy of treated polypropene surfaces [33]
Materials treated by any of these methods need to be bonded within a few days of treatment, 
as polymer chain reorientation will occur as the surface seeks to minimise its energy.
2.5 Non-destructive evaluation
2.5.1 Introduction
The ability to analyse a structural unit, whether it is bonded, welded or riveted is important in 
many industries where it may be used in preproduction, quality control and in-service 
assessment. There are a number of NDE techniques available, including ultrasonics, x-ray, 
acoustic emission, dye penetrant, eddy currents and magnetic particle [34]. It should be noted 
that acoustic emission is not strictly non-destructive as it requires the active propagation of a 
defect for detection.
Of these methods, ultrasonic inspection is the most applicable to structural polymeric materials 
-  i.e. adhesive bonds, composite and plastic monoliths -  owing to a combination of truly non­
destructive, semi-portable and applicability to a range of structures. The theory of ultrasound 
will be briefly discussed next, then its applicability to kissing bonds/zero-volume unbonds 
assessed.
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2.5.2 Ultrasound theory
Ultrasonic inspection is based on the principle that the velocity of an ultrasonic wave (also 
known as a stress wave) in a material is dependent on that material’s elastic properties. When 
an ultrasonic wave is passed into a solid, there are two modes of propagation which are 
exploited by ultrasonic inspection, these being longitudinal (in the axis of input) and transverse 
(perpendicular to axis of input) waves.
When the wave passes through a boundary between one material and another, its behaviour 
will change according to the properties of the second material. This is expressed by the 
acoustic impedance parameter (Z), which is defined in Equation 2.16.
Z -  p  ! c Equation 2.16
where p is the material density and c is the velocity of ultrasonic waves in that material. At a 
boundary between two materials of dissimilar Z values, some proportion of the waves will be 
reflected, while the rest are transmitted. The proportional intensities of reflected (lr) and 
transmitted (I1) wave are given by Equations 2.17 and 2.18 respectively.
r  = (—Z1 + z /
4 Z Z 2  9
r  =  (— — ) 2
VZ i + Z /
Equation 2.17
Equation 2.18
Such boundaries can be the sample surface (i.e. where it meets with air), an adhesive- 
adherend interface or between the sample and a void within its bulk. The sensitivity of the 
technique is primarily dependent on the wavelength, X, a shorter wavelength giving greater
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sensitivity. As wavelength is related to wave velocity (Equation 2.19), this will vary from material 
to material.
where v is frequency. Therefore, the higher the velocity, the longer the wavelength while the 
higher the frequency the shorter the wavelength. While sensitivity can be enhanced in this way, 
it also results in lower penetrating power and may therefore limit application use. The balance 
of sensitivity against depth is important. Figure 2.2 shows the changes in lr and I* that may occur 
with increasing frequency in a hypothetical imperfect adhesive bond. The parameter, Q, is 
known as the characteristic frequency. Where v < Q, the bond appears to be good -  
transmission of ultrasonic wave is high. However, at Q, there is a crossover and the bond no 
longer appears to be a good bond.
2.5.3 Application
Ultrasonic waves are generated by a piezoelectric transducer and passed to the specimen 
through a coupling media. There are two approaches to detection - through transmission and 
double-through transmission (also known as pulse echo). In through transmission a second 
piezoelectric transducer is placed on the opposing face of the test piece to detect transmitted 
waves. Double-through transmission utilises the same transducer as both generator and 
detector, detecting reflected waves, rather than transmitted. Such reflection may occur off any 
defects or material boundaries -  known as back-surface echo -  or by employing a reflector 
plate. In the latter case, a plate with mismatched acoustic impedance to the coupling medium 
is placed beyond and parallel to the test piece. Transmitted waves are reflected off the plate 
and back through the piece to the detector.
A coupling media provides a consistent and compliant layer between the transducer and 
specimen. Ideally it is used in the form of an immersion bath which helps to ensure coverage. 
In many applications, however, this is not possible, due to structural or cost considerations and 
alternatives are used. For example the application of a viscous gel is used in medical 
applications, while industrially ultrasonic waves are passed down a water jet onto the specimen.
Equation 2.19
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There are three methods by which scanning is performed, the first and simplest of which is the 
A-scan. This is essentially a point test. An ultrasonic pulse is passed into the specimen and the 
amplitude of reflection or transmission (as determined by detection method) recorded versus 
time. The resulting plot is a series of peaks in amplitude as signal is detected, each peak 
representing a boundary encountered during propagation. If either thickness or c of the 
specimen are known, it Is possible to convert the time base to distance and therefore determine 
the depth of a defect if present.
Figure 2.2: Reflection and transmission coefficients o f an imperfect interface as a function of
frequency [35]
A B-scan is generated by moving the detector along an axis and performing a series of A- 
scans. The data obtained will then give a cross-sectional profile of the specimen through its 
thickness.
The most detailed approach is the C-scan. A C-scan is performed by rastering the transducer 
across the specimen and recording amplitude data as before. This data is presented as an 
image of the specimen surface, with amplitude variations represented by colour coding, thus 
generating an informative “map” of the specimen. This is derived by comparing attenuation of 
the signal with known levels.
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2.5.4 Kissing bonds and zero-volume unbonds
There is some variation in the definitions of kissing bonds and zero-volume unbonds given in 
the literature. Kissing bonds are more generally discussed and three definitions are given 
below:
1) Kunda et al [36] described a kissing bond as intimate contact of two crack surfaces 
forced together by a compressive force normal to these surfaces, effectively therefore 
a dry joint.
2) Nagy [35] defined a kissing bond as “the result of plastic contact between smooth or 
slightly rough surfaces.” and its properties as “Besides some weak sticking effects, such 
a ‘bond’ has practically no strength at all.”
3) Rose and Jiao [37] considered a kissing bond to be the perfect contact between two 
solid media without shear stress. More importantly they saw it as an ideal mathematical 
model and not a real phenomenon, however, they discussed the possibility of interface 
weakness existing - “In this case, the adhesive and adherend could appear in physically 
perfect bonding state but could still lack bonding strength.”
These definitions have a common thread - the close proximity of two surfaces such that they 
are not readily detectable. An example of the overlap of definitions can be given. Kunda et al 
proceeded to model a kissing bond by compressing a iayer of water between two smooth glass 
plates. The authors referred to this as a “slip-bond". Nagy and Rose et a l however considered 
slip-bonds to be a separate but related case of interfacial weakness. Indeed Rose et al 
modelled slip bonds in their study using water between two poly(methyl methacrylate) (PMMA) 
sheets, one PMMA and one aluminium (Al) sheet and two Al sheets. Nagy simulated a kissing 
bond by painting selective areas of an aluminium sheet with a release material and bonding to 
a second sheet using an epoxide film adhesive. In all these cases, the authors found that 
concentrating on the detection of transverse waves and using oblique incidences of the wave 
generator to the flat specimen allowed them to detect their modelled kissing/slip-bonds and 
improved the sensitivity of detection. As far as is known at present however, these processes 
have not been employed outside the laboratory or on actual defects of the type of interest in this 
study.
In comparison, Adams et al [1] defined the zero-volume unbond as where the adherend and
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adhesive are in contact but no significant bond strength exists between them, while Assender 
et al [4] defined it as having a small separation, measured in nanometres, and possibly 
generated by incomplete wetting of the substrate. Of course, it has depth, then it is strictly not 
zero-volume, but low-volume. This definition did not distinguish it as a separate entity to the 
kissing bond. Indeed it appears to be similar to the kissing bond defined by Nagy [35], in that 
both are essentially considered dry joints (no slip or smooth layer is specifically postulated), 
however Nagy did not state how such a bond may be formed, nor the size of separation of the 
two phases to make the disbond. The ZVU defined previously was considered to arise due to 
poor joint formation i.e. during cure. For the lifetime compensating adhesive, it is also 
considered that such a defect can arise from environmental attack.
2.6 Concluding remarks
The preparation of a good adhesive joint requires more than consideration of the ultimate 
strength of the joint. It does not follow that a high initial bond strength will give a durable joint, 
capable of being exposed to a range of deleterious conditions without failure. It is therefore 
essential in the design of any bonded structure that the operating conditions are accounted for 
and that both a suitable adhesive and adherend surface preparation are selected for 
construction of the joint. Of the possible sources of damage, potentially the most damaging 
condition is that which exposes the bonded joint to moisture. As has been discussed in this 
chapter, it is possible, with knowledge of adhesive and substrate, to predict the stability of the 
adhesive joint to such an environment. This can aid in the selection of the best adhesive and 
preparation for the structure in question. However, the eventual formation of a ZVU during the 
lifetime of a bonded structure is still a major concern to design engineers. Although the 
development of NDE techniques is being pursued by many groups, no such technique exists 
commercially and is not likely to in the near future.
An alternative approach in which the occurrence of defects could be mitigated against would 
therefore be of immense benefit to the use adhesives in structural applications. The idea of the 
lifetime compensating adhesive discussed in Chapter 1, able to effect repair of interfacial 
defects, is one such approach to reducing the impact of defect formation. The basis of this 
approach is the inclusion of a repair material in inert form into the matrix, through encapsulation. 
The various means of preparing encapsulated materials is discussed in Chapter 3.
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Chapter 3 - Smart materials and encapsulation
3.1 Introduction
As discussed in the previous chapter, the in-service degradation of an adhesively bonded 
structure is a serious issue, particularly as some deleterious defects that may arise from 
environmental ageing cannot be detected by current NDE technology. This serves to restrict 
the application of adhesives where they could otherwise realise a numerous advantages.
A means of mitigating environmental degradation of the adhesive joint is therefore desirable. 
Any such method would involve endowing the bonded structure - as a whole, or one particular 
entity thereof - with a capability to respond to the environmental conditions that would lead to 
damage or to the presence of such damage. In other words, forming a smart material. These 
can be defined as any material which can perform a specialised function, in addition to its 
primary role, in response to a trigger from its surrounding environment. This concept can cover 
a wide range of possible functions, but two general classifications are suggested: survey and 
action. For the purposes of this thesis, smart materials shall be discussed in relation to 
environmental degradation.
A survey function can be defined as a function which responds to adverse changes in the 
material’s condition by “detecting” the fact and reporting it in some manner. For example, a 
polymer that would change colour with a change in modulus or strain. An action function would 
be performed in response to degradation or the potential for degradation, in a manner so as to 
mitigate this damage. The use of encapsulation as a means of providing a self-repair capability 
to an adhesive joint is such an action function.
The potential of smart materials, whether adhesives or structural components such as 
composite panels, is considerable: a system capable of indicating it had been damaged would 
reduce inspection times for aircraft or buildings; auto-repair of large engineering structures, 
such as road or rail bridges would eliminate closure of sections of a transport network while 
manual repair was performed. Irrespective of the function, a smart material should improve the 
reliability and/or lifetime of the bonded structure. Its ability to react to an event can reduce the 
need for external work, whether inspection or repair, and thus reduce the operating costs of the
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system and increase confidence in the structure and its component materials.
In Chapter 1, the concept of utilising an encapsulated repair material as a means of achieving 
smart repair of adhesive-substrate defects, was proposed. An encapsulated repair material 
would be included in the formulated adhesive so that reservoirs of a repair material would be 
distributed throughout the bond-line. The desired repair process would then consist of three 
phases:
• release of repair material triggered by the presence of potentially damaging conditions 
(e.g. high moisture content);
• diffusion of repair material through the adhesive to the site of an interfacial defect;
• repair through a polymerisation/cure reaction at the defect site.
The development of a lifetime compensating adhesive (LCA) therefore covers three distinct 
areas of technology - smart materials, encapsulation and diffusion in polymers. The rest of this 
chapter is concerned with reviewing these areas to develop an understanding of what each 
entails and what has already been achieved or is currently being addressed in various 
laboratories.
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3.2 Smart materials
3.2.1 Principle of self-repair
Self-repair is the specific form of smart material function with the most commonality to the aims 
of this thesis. The advantages of a self-repair function are seen to be:
• increased service life - by giving an adhesive the ability to react to the presence of 
defects, or the conditions leading to their formation, the lifetime of the adhesive bond 
(and thus the structure) would be increased;
• greater predictability of joint behaviour during service - the variances of joint stability 
during service between nominally identical systems can be partially accounted for by the 
formation of defects in critical areas. By removing or mitigating against the effect their 
effects, the reproducibility of bond life would be increased;
• reduction in the likelihood of catastrophic failure - the formation of even a minor defect 
at an adhesive-substrate interface can lead to catastrophic failure of the bond under 
certain loading conditions;
• less reliance on inspection routines or maintenance checks. Certain defects, especially 
ZVU’s, are not detectable in inspection routines and thus will not be noted during 
inspection. These are the sort of minor defects that can lead to catastrophic failure. A 
smart adhesive that can warn of or remove the defect is of obvious benefit.
All these benefits would improve the performance of adhesively bonded structures and promote 
increased confidence in the use of adhesives in numerous demanding applications.
3.2.2 Recent research
There are a number of previous and ongoing programmes exploring the possibilities of self- 
diagnosis (detection) and repair of polymer composites and construction concretes. This section 
provides an overview of published work relating to the development of smart materials for 
defect related applications in three major areas: polymer composites; civil engineering 
concretes and adhesives.
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3.2.2.1 Polymer composites
When subjected to an impact, polymer composites often undergo cracking and delamination 
away from the point of impact, usually on the opposing face of a panel. Such damage is difficult 
to observe in many bonded structures (e.g. airframes) and has thus been named barely visible 
impact damage, BVID. It can occur at low impact speeds and may be caused by relatively minor 
incidents, such as the impact of a dropped tool.
The ability of a composite structure to provide a visual indication of, or to repair, damage would 
therefore be very useful. The development of a detection ability for composite structures has 
been reported by workers at the Defence Evaluation and Research Agency (DERA, now 
QinetiQ) in which the composite was modified by the incorporation of triboiuminescent 
compounds into the resin and optical fibres into the composite structure [38]. Triboluminesence 
is the ability of a compound to emit light in response to fracture caused by mechanical 
deformation [39]. When fractured, light is emitted at a wavelength specific to that material. By 
positioning the optical fibres at suitable points across the composite panel, it was possible to 
capture some of this light and guide it to a detector.
Other workers at DERA and the University of Surrey collaborated to assess the possibility of 
incorporating a repair material into an epoxide matrix-fibre composite. This was achieved by 
replacing some of the reinforcing fibres with hollow fibres [40] or microcapsules [41] containing 
a repair material. In both cases, the hollow inclusions were filled with a low viscosity resin (the 
repair component). This resin was 2-ethyl cyanoacrylate (ECA), which forms the basis of many 
commercial superglues and polymerises rapidly under weakly basic conditions [42]. Such 
conditions are often provided by a layer of moisture on the bonding surfaces. Filled fibres were 
prepared and optimised so that their fracture strength was closely matched to that of the matrix. 
When a crack propagated through the matrix, it would also break fibres in the crack path. The 
repair component would then be released to flow into the matrix cracks and re-adhere the 
fracture faces, ideally blunting the crack tip. With curing times typically less than 30 seconds, 
a measure of strength would then be restored within a short timescale. Hollow carbon fibres 
were used in trial systems to test the release and cure aspects of the process. Resin was found 
to flow into the matrix cracks. However complete cure of the repair phase was not achieved. It 
is thought that this was due to insufficient moisture being available to initiate the curing process. 
The microcapsuie route considered was to prepare an ECA core encapsulated by a poly(methyl
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methacrylate) (PMMA) shell using emulsion polymerisation. Encapsulation was successful, but 
no mechanical testing was undertaken in the course of the programme.
Workers outside DERA have also explored the use of filled-fibres or microcapsules to effect 
crack-damage repair. Dry [43] used a two-part epoxide adhesive and a single-part 
cyanoacrylate to fill hollow fibres which were then incorporated into separate composite panels. 
These were impacted with sufficient strength to break the fibres and left for an extended period 
before they were mechanically tested. Testing showed a degree of strength was restored in 
both cases.
Workers at University of Illinois, USA [44], employed a similar approach to repairing mechanical 
damage of composites. Microcapsules containing a monomeric resin, dicyclopentadiene 
(DCPD) were prepared and incorporated into a epoxide resin with Grubb’s catalyst, a ruthenium 
based complex [45]. In principal, mechanical damage to the adhesive would result in the 
initiation and propagation of a crack, which would rupture some capsules and expose catalyst. 
DCPD released into the crack would then be able to polymerise on contact with the catalyst, 
bonding the crack faces. This approach was reported to successfully restore up to 90% of initial 
joint strength in some cases [46].
The above approaches all rely on the input of energy through mechanical damage to trigger the 
smart mechanism.
Researchers at Osaka University [47] have also studied the repair of gross mechanical damage 
of epoxide matrix-glass fibre composite. A thermally activated epoxide adhesive was added as 
particulates into a cold cure composite lay-up. Fracture damage to the composite panel, even 
to the extent of a complete break, was repaired by bringing the surfaces back together and 
heating. The particulate epoxide was able to diffuse to the cracks and heal them. As with the 
other processes, this one requires external intervention.
3.2.2.2 Concretes (Inorganic Composites)
A large body of work relating the development of a smart concrete materials has been reported 
by Dry and co-workers. In these investigations they have developed smart techniques for the 
detection, repair and prevention of mechanical and chemical damage of these matrices, utilising
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hollow fibres and channels as the means of containment or measurement.
In one technique [48] continuous hollow optical fibres were filled with a repair material and 
incorporated into a concrete block to form a combined repair and detection/monitoring system. 
By passing a laser beam through these fibres, information on the amount of repair phase 
remaining in the fibre and the presence and location of a crack could be determined - repair 
material volume by attenuation of the beam and crack location by viewing the output beam and 
observing diffraction patterns formed. A diffraction pattern would appear as a series of 
concentric circles, the spacing of which could be related to the location of the defect.
The actual repair process in this system and others by the same authors [49-51] is essentially 
the same as that already described for polymer composites i.e. the fibres are broken by 
damage and crack propagation, allowing release of the stored repair phase into the defect 
location. However, Dry also employed a variation on this theme by preparing a concrete matrix 
with channels within the concrete [52]. These channels were used to hold components of a 
three-component methacrylate adhesive system and had varied diameters according to the ratio 
of the adhesive components. If a continuous crack breaks a channel of each type, the 
components would flow into the crack, mix and cure. Such an approach has drawbacks, for 
example the propagating crack may not break the requisite number of channels, but it was 
found to increase the life of the adhesive, compared with the single component, filled fibres the 
author had employed elsewhere.
These techniques have been described as passive in that the only stimulus required is the 
correct level of damage, but the same workers have also studied active systems [49, 50]. 
Hollow fibres with porous walls were filled with a single part repair phase and coated with a wax, 
sealing the repair material within the fibre. Incorporated fibres remained sealed until a 
sufficiently high temperature was applied to melt the wax and allow migration of the repair 
phase. Cure of the adhesive was then initiated by a second, higher temperature, heating phase. 
This approach has the disadvantages of requiring external interference to activate, further 
interference to cure and can only be used once.
Fibre-matrix disbondment has also been addressed through an active system [50]. Coated 
porous fibres containing a repair material have been embedded in a structure, the coating 
selected such that disbondment between coating and the fibre was preferential to matrix-fibre
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disbondment, opening the fibre’s pores. Release of the repair material is thus initiated. Repair 
is completed by a thermal cure.
As with polymer composites, the work described so far has been aimed at the repair or 
detection of mechanical damage. In previously referenced work [50], Dry also developed a 
method for the smart prevention of corrosion of steel reinforcing bars in concrete. Porous, 
hollow fibres were filled with an anti-degradation agent, calcium nitrate, and coated with a polyol 
which dissolves in alkaline environments of -pH 11.5. This is the same pH at which steel 
corrosion begins, thus inhibitor release is triggered to occur in the same conditions that will 
activate corrosion.
3.2.2.3 Adhesives
While there is a reasonable body of work concerned with the detection and seif-repair of 
mechanical damage of composites, there is little in the literature pertaining to developing repair 
protocols for adhesive systems with similar abilities. As polymer composites frequently employ 
matrix polymers which are similar to the organic component employed in many adhesive 
formulations, some of the work discussed above should be easily adaptable to adhesives.
One extant study explored the concept of a self-validating adhesive (SVA) [4]. This work was 
carried out at DERA and formed the pre-cursor to this programme. The concept of a SVA was 
to prevent the formation of interfacial defects arising during cure. These defects, as discussed 
in the introduction, may take a number of forms, but of particular concern were ZVU’s, which 
are envisaged to arise from poor wetting of the substrate.
The principle of the SVA was to incorporate a secondary adhesive within the primary adhesive 
formulation. This material would be required to remain unreacted during the cure process and 
thus be free to migrate through the curing and cured resin, to the interface. At the interface it 
would be expected to aggregate in interfacial voids (it could just as easily aggregate in voids 
within the bulk adhesive layer) and ultimately cure through a suitable process (e.g. post-cure 
of the system, initiating primer on the substrate surface) removing the presence of the void. In 
basic outline it appears to be similar to the LCA concept explored in this thesis, but the focus 
of an SVA is to ensure a good initial bond is formed, rather than maintaining joint integrity
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through out its lifetime. As with an LCA, a secondary material for an SVA system would have 
to meet a series of criteria and these were defined as:
• the repair adhesive would, ideally, be a one-component adhesive. A two-component 
system would present problems with regard to ensuring both components diffuse to the 
same areas in the correct amounts.
• it must be capable of diffusing through the curing primary adhesive matrix. This must 
occur in a sufficiently rapid timescale to ensure that the joint had not undergone 
extensive use in service prior to repair of a defect i.e. no more than a few days for a 
room temperature curing difunctional epoxy;
• it must be able to wet the substrate being bonded, where the primary adhesive has 
failed to do so, thus it would be favourable if it had different wetting behaviour from the 
primary adhesive - for example greater tolerance for hydrocarbon contamination;
• it must be able to cure at the defect;
• the presence of the secondary phase must not adversely effect the strength of the 
primary adhesive. This could occur through plasticisation, prevention of primary 
adhesive wetting or chemical degradation of the primary adhesive.
The primary adhesive used in the SVA programme was a simple diglycidyl ether of bisphenol-A 
epoxide resin (DGEBA) cured with a difunctional aliphatic polyamine (POPDA). Candidate 
repair phases were selected based on methacrylates. These monomers represent a different 
chemistry to the epoxies and thus are not always adversely affected by conditions that may 
hamper an epoxy (and vise versa). Some methacrylates, particularly methyl and 2-ethyl hexyl 
versions, form the basis of a number of commercial adhesive systems in their own right. These 
formulations are often single-part, curing through free-radical or anionic polymerisation of the 
monomer, which requires an initiator, e.g a peroxide catalyst or an UV source. However methyl 
methacrylate is also used in two-part addition cure formulations. They are also relatively small 
molecules compared with the epoxide-amine constituents and initial molecular modelling 
predicted that these molecules should be able to diffuse through the epoxide resin. 
Furthermore,.modelling was used to predict miscibility of these molecules with the liquid resin. 
One of the selection criteria was that the repair phase should remain dissolved in the liquid 
adhesive, but would separate out as the adhesive cured. Of course the relatively small nature 
and high polarity of these molecules (especially methyl methacrylate) suggested that they may
43
Smart materials and encapsulation
have a plasticising effect on the primary adhesive. Thus, the concentration of methacrylate had 
to be balanced between reduction in bulk adhesive performance and repair ability.
Selected methacrylates were methyl (MMA), 2-ethyl hexyl (2-EHMA), tertiary-buty\ (tBMA), butyl 
amino ethyl (BAEMA) and Lauryi (LMA). Miscibility studies with epoxy resin ruled out BAEMA 
(slow reaction with the epoxy) and tBMA (separation). The other methacrylates were 
incorporated into adhesive formulations and castings studied by SEM. LMA was found to lead 
to the formation of voids in the primary adhesive matrix, whereas the MMA and 2-EHMA gave 
rise to distinct domains within the adhesive.
MMA and 2-EHMA systems were further studied using mechanical testing. Here trial systems 
were developed which showed some enhancements to adhesive strength and durability, 
particularly when 2-EHMA was present Characterisation of this system was unable to 
conclusively show that this improvement was caused by the migration of the secondary 
component to the desired interfacial areas.
It should again be stressed that the SVA concept was for a short-term repair capability and thus 
not suitable for direct application to a LCA. The lack of containment would suggest that 
unreacted, the methacrylate would leave the adhesive joint through diffusion or leaching.
3.3 Encapsulation
3.3.1 Introduction
As noted in Chapter 1, encapsulation has been identified as one of two methods of introducing 
a repair component into a primary adhesive matrix and preventing its interaction with the curing 
adhesive or its loss over long time-scales through diffusion and leeching. The term is used to 
describe the entrapment of a chemical (encapsulate) within a solid matrix of another material 
(encapsulant). The scale of encapsulation in this sense Is small (<1mm) and thus more 
correctly termed microencapsulation, distinguishing it from encapsulation as used in the 
electronics industry.
Figure 3.1 shows the two common microcapsuie morphologies - core-shell and dispersed 
domain. The various terms employed in the literature for the parts of a capsule are given. For
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simplicity, the terms encapsulant and encapsulate will be used. The dispersed domain 
morphology is sometimes called a microsphere but as this term is also used to describe single­
phase particles, it is not referred to as such here. The term microparticle has been employed 
when referring to both microcapsules and microspheres. It should be noted that the core-shell 
morphology can be complex, consisting of alternating layers of core material and shell.
Microencapsulation allows the introduction of the encapsulate into a system in an inert form, 
protecting the encapsulate from external conditions. Release of an encapsulate can be 
optimised to occur in response to particular conditions or at a predetermined rate, through 
careful selection of encapsulant material. The potentially small size of microparticles can 
minimise adverse mechanical effects when added to a structural material, such as an adhesive 
or polymer.
(S H E L L , M E M B R A N E , W A L L )
C O R E - S H E L L  M O R P H O L O G Y
E N C A P S U L A T E  (A C T IV E  IN G R E D IE N T , C O R E )
D I S P E R S E D  D O M A I N  M O R P H O L O G Y
Figure 3.1: Schematic o f capsule morphologies
3.3.2 Encapsulation techniques
There are two distinct types of encapsulation process: physical and chemical. The former rely 
on a physical change to generate the capsule, the latter utilise a chemical reaction to form the 
shell wall. In theory a microcapsule could be prepared from many chemicals whether organic 
or inorganic, but organic systems predominate.
Nine techniques were identified from the literature as the main methodologies in use and are 
described below, with some of their variations and their advantages and disadvantages.
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• coacervation;
• spray drying and chilling;
• emulsion-solvent evaporation and emulsion-solvent extraction;
• chilling molten encapsulant;
• spinning disc;
• co-extrusion;
• emulsion polymerisation;
• interfacial polymerisation;
• in-situ polymerisation.
3.3.2.1 Coacervation
Coacervation is a physical or combined encapsulation process, three variations of which can 
be found in literature sources - simple, complex and salt [53]. The principle of coacervation is 
the formation of an encapsulant-rich phase from a solution which aggregates around a 
dispersed phase incorporating an encapsulate. Phase separation is induced by changing the 
solubility of the encapsulant. The three variations listed describe the means by which 
encapsulant solubility is reduced. Coacervation was initially achieved by researchers at National 
Cash Register Corporation [54,55] in the development of carbonless copy papers (see Section 
3.3.4.2).
All coacervation techniques have the encapsulate dispersed or suspended by agitation within 
an aqueous continuous phase having encapsulant dissolved within it. The dispersed phase 
could be a solid (suspension); a liquid or a solution. Simple coacervation utilises a third liquid 
to change the solubility of encapsulant within the continuous phase. A liquid is selected that, 
when mixed with the continuous phase solvent, has a reduced solubility for the encapsulant. 
The result is the formation of encapsulant-rich and encapsulant-deficient phases. If the process 
is to work the encapsulant rich phase must form a discontinuous phase around the dispersed 
phase. The collection of an encapsulant phase around existing dispersed particles is more 
energetically favourable than formation of distinct droplets as the overall surface area between 
continuous and dispersed phases is minimised. As phase separation increases in favour of the 
non-solvent phase, encapsulant precipitates out of the encapsulant rich phase around the 
encapsulate droplets.
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Complex coacervation is a widely used process and utilises two encapsulant materials. The 
continuous phase is prepared as a solution of both encapsulants. Coacervation is achieved by 
the formation of opposing charged encapsulant species. Combination of these counter-charged 
species results in a polymer of reduced solubility, leading ultimately to precipitation from 
solution. The gelatin-acacia (gum arabic) pairing [56, 57] is the most commonly used, part of 
its popularity owing to the fact that these materials are edible and have been extensively used 
in drug delivery and food taste-masking applications. Other systems include poly(vinyl alcohol)- 
glutaraldehyde [46] and gelatin-dextrin [47]. The development of charged species is 
encouraged by a change in the solution chemistry, for example, by change in pH and/or 
temperature. The use of multiple encapsulants allows for greater variation of shell properties 
by cross-linking of these materials.
Salt coacervation [53, 60] is similar to simple coacervation. The continuous phase is a single 
polymer solution, usually aqueous. Coacervation is achieved by the addition of a salt, for 
example Na2S 04, which brings about the phase separation of the continuous phase into 
encapsulant-rich and salt-rich phases.
The complexity of coacervation compared to other techniques can limit its application in large- 
scale production as it Is a batch process and is potentially labour intensive. However it is an 
easy process to set-up in terms of equipment for laboratory scale work and tends to employ 
non-toxic encapsulants and solvents (water being the primary solvent for gelatin, acacia, PVOH, 
etc.). The various options for inducing coacervation and precipitation make it a versatile, 
adaptable process.
3.3.2.2 Spray drying and spray chilling
Spray drying is an established industrial process used for the large scale continuous production 
of powders. Spray chilling is less commonly used but essentially involves the same equipment 
and comments made here apply to both techniques. The formation of microcapsules using 
spray drying [53, 61] utilises the same equipment, with minor modification according to the 
specific materials in use. This minimises the investment required for any company setting up 
an encapsulation process. Coupled with the ability to produce a product continuously, spray 
drying is a powerful process.
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A schematic diagram of a spray dryer is shown in Figure 3.2. It is essentially a cylindrical 
chamber of several metres height with a heated gas flow. A feed mixture consisting of 
encapsulate and encapsulant in solution is atomised into the gas flow, which acts to carry the 
droplets up the tower. During transit, heating or cooling is applied as required.
— Blower
Figure 3.2: Schematic representation of a spray dryer
Once atomised the droplets will begin to travel up the chamber and should have formed solid 
capsules before reaching the recovery unit. Solidification can be achieved in one of three ways, 
depending on the nature of the encapsulant. If the encapsulant is dissolved in a solvent, a 
heated gas stream can be used to drive off the solvent, depositing solid encapsulant as a crust 
around the droplet. A mixture of reactive components can be used, which will polymerise or 
cross link on initiation by heat. If the encapsulant is in its molten state, a cooled gas stream can 
be used to chill the droplets and solidify a shell. The encapsulate may be present as a fine 
dispersion, liquid or in solution according to requirements. Where solid encapsulate is used in 
the feed mixture, problems may arise with nozzle blockage or if the particles are too heavy to 
be supported by gas flow.
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The residence time of the droplets within the tower is the most important parameter of a spray 
drying process. Sufficient time has to be allowed for solvent removal, initiation of a reaction or 
adequate cooling of the droplet. The residence time is affected by a number of variables 
including droplet size and gas flow rate. A low residence time could result in wet particles which 
would block the filters and have a poor mechanical stability. Conversely a high residence time 
slows down production and (dependent on the nature of the encapsulant and encapsulate) 
could result in a degraded product. Higher gas flows may also increase turbulence, resulting 
in a greater loss of yield due to impact of droplets on the chamber walls. For the same reason, 
chamber dimensions have a bearing on the yield and throughput of product. Insufficient 
diameter can result in the droplet stream impacting on a wall, but too wide increases equipment 
footprint, energy requirements and wastes space.
\
The removal of solvent vapour needs to be continuous to prevent the build up of high 
concentrations, which may result in poorer quality of product as it increases the work required 
to remove solvent from the droplets. Furthermore the solvent may exhibit flammable, explosive 
or adverse health effects.
As well as determining the throughput of the process, heating rates will affect the state of the 
microcapsules. If a solvent is being removed by heat, it is likely to be lost from the outside of 
the droplets first, which will experience the elevated temperature first. As such a solidifying crust 
could entrap solvent further in towards the centre of the droplet. This entrapped solvent will 
either escape in an explosive manner, forming porosity in the shell, or remain as an impurity in 
the capsule, reducing yield. Certain temperature sensitive materials are not suitable for spray 
drying encapsulation, for example some active drugs and highly volatile or flammable solvents.
3.3.2.3 Emulsion-solvent evaporation and emulsion-solvent extraction
Emulsion-solvent evaporation (ESEV) and emulsion-solvent extraction (ESEX) processes [62, 
63] are very similar and are also known as drying in liquid [63]. They are based on a similar 
principle to coacervation in that an encapsulant is forced out of solution to form an encapsulant- 
rich region around a core material or droplet. Whereas coacervation changes the nature of the 
encapsulant solvent to achieve this, in emulsion-solvent processes the solvent is removed 
entirely. The removal process - as indicated by the name - is either through evaporation or 
extraction.
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In this process a solution of the encapsulant is formed and the encapsulate dispersed in this 
medium. An emulsion of this phase is then formed by addition and dispersion in a continuous 
phase of a second solvent. Selection of the latter is dependent on the process being employed. 
In ESEV, the mixture is dispersed into a large volume of an immiscible liquid which must also 
be a non-solvent for both encapsulant and encapsulate. Once a suitable degree of dispersion 
has been reached, the encapsulant solvent is removed through heating, a reduction in pressure 
or a combination of the two. The ESEX approach uses a continuous phase liquid that is 
miscible with the encapsulant solvent, though still a non-solvent for encapsulant and 
encapsulate. Rapid dispersion is generally required as solvent removal begins almost 
immediately.
Mathiowitz et al [55] have employed a variation of the evaporation technique in which two 
polymers are used to entrap the encapsulate. The two polymers, which must be insoluble with 
each other, are dissolved in a common solvent. The encapsulate is added to this polymer 
solution, either by dissolution or dispersion and the liquid is then suspended in an aqueous 
phase under stirring and the polymer solvent evaporated. Preferential precipitation of one 
polymer over the other is governed by the phase diagram for the solvent-polymer-polymer 
system. Resulting microcapsules have a solid core and capsule wall, with dispersed 
encapsulate. Variation of evaporation rate can be employed to modify the polymer structure, 
for example, rapid evaporation may be used to form a heteropolymer layer.
ESEV is another popular technique for the preparation of biodegradable capsules for drug 
delivery [65, 66, 67], though more general studies have also been undertaken [68] in which 
liquid cores (solvent) were entrapped within a PMMA shell.
Solvent selection is critical to the success of both processes. Evaporation techniques require 
a reasonable difference in boiling points and vapour pressures between the continuous phase 
and the solvent to ensure that removed material is predominately the latter. Too great a loss 
of continuous phase will increase the likelihood of encapsulant-encapsulate droplet 
agglomeration. Solvent removal occurs from the surface of the continuous phase, and the rate 
at which this occurs is therefore dependant on the ease with which this solvent can reach the 
surface. Heating and pressure changes give rise to potential hazards, especially with low 
volatility and flammable solvents. The use of elevated temperatures also restricts the use of this 
technique in encapsulation of some thermally sensitive materials. While the extraction approach
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removes the problems associated with heating thermal sensitive or flammable materials, it has 
its own limitations. The rapid formation of a suitable emulsion is required, as extraction of the 
solvent will initiate on mixing of the two phases. Furthermore the selection of two miscible 
solvents, which are non-solvents for the same polymer can be difficult. It is likely that the 
continuous phase solvent will exhibit some ability to dissolve the capsule materials.
The evaporation technique has the advantages of simplified solvent requirements and potential 
reuse of the continuous phase, while the extraction method is more favourable for thermally 
sensitive compounds, is quicker, involves reduced hazards and lower energy requirements.
Products formed from either process take the same form. Where the encapsulate has been 
dispersed as an immiscible liquid or solid in the encapsulant solution, microcapsules will exhibit 
the core-shell morphology as the encapsulant rich phase forms around the core droplet/particle. 
If the encapsulate is dissolved in the encapsulant solvent, a dispersed domain morphology will 
be generated.
Complete removal of the discontinuous phase is rarely achieved in either process. Recovered 
microparticles are usually further dried after recovery. This is of particular relevance to drug 
applications where residual solvent poses health problems. It is reported that this process can 
achieve particle sizes in the range 200nm to 500//m.
3.3.2.4 Chilling molten encapsulant
Chilling molten encapsulant [69] is the simplest technique described in this review. It is usually 
used to form microcapsules with solid cores. It is unusual in that the encapsulant is not a solute, 
but a melt. The material to be encapsulated is dispersed into the melt, which in turn is dispersed 
into a second liquid as the continuous phase. The continuous phase must be immiscible with, 
and a non-solvent for, both encapsulant and encapsulate.
Once adequate dispersion has been achieved, the temperature of the mixture is lowered to 
solidify the encapsulant around the core material. The process is ideal where an encapsulant 
of low solubility is desired. There are relatively few interactions between materials to consider 
compared to other techniques and this presents advantages where an encapsulate may be 
sensitive to solvents.
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As the process relies on melting and most processes would require the shell to be solid at room 
temperature, the encapsulate needs to be stable with respect to heat at elevated temperatures. 
Due to the requirement for the encapsuiant to have a fairly low melting point, it is likely to be 
a linear polymer or wax. These tend to have relatively high viscosities which may restrict the 
dispersion of core materials. Certainly the process is not recommended for liquid cores.
As with spray drying, the control of cooling rates is critical as too fast a drop in temperature, 
may result in cracking of the shell. Cooling rates are important to the final properties of the 
polymer shell, due to the differences that can be obtained between proportions of crystalline 
and amorphous polymer. Thus shells formed of the same material, but by employing different 
cooling rates, can exhibit a range of behaviour with regard to porosity and solvent resistance, 
strength, toughness and moduli.
3.3.2.5 Spinning disc coating
Spinning disc coating (SDC) [70] is a more recent development in the field of encapsulation and 
in some respects is a modification of spray drying. The difference between the two techniques 
lies in the formation of the “wet” (i.e. pre-solidified) capsules.
The encapsulate, which is a solid or a viscous liquid, is suspended within the encapsuiant, the 
latter in liquid or solution form. This feed mixture is then poured onto the centre of a disc, 
aligned perpendicular to the feed stream and under rotation. The rotation generates centrifugal 
forces which spread the liquid out across its surface. As the liquid reaches the rim of the disc, 
droplets are thrown off the edge to fall through the chamber. In doing so, core particles are 
separated from the bulk of the encapsuiant liquid. If the conditions are balanced correctly, the 
core particles retain a small amount of encapsuiant phase on their surfaces, while excess liquid 
is spun off as droplets. A schematic of the spinning disc process is shown in Figure 3.3.
As the droplets fail under gravity they may be solidified by heating or chilling as appropriate. 
Thus the disc must be set at a suitable height to ensure this process is complete before 
droplets impact a solid surface.
Optimisation of the process to a particular system is possible by changing one or more of the 
following:
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angular velocity of the disc; 
disc geometry (diameter, shape); 
feed rate;
temperature of feed mixture and/or disc.
<§
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Figure 3.3: Schematic o f a spinning disc coating arrangement
As with spray drying, SDC can be run as a continuous process with a large throughput. 
However, unlike spray drying, it does not have the potential problems with nozzle blockage. It 
is however, a technique best suited to solid cores, but has been reported as being able to 
encapsulate hydrophobic liquids and aqueous solutions. Liquid encapsulate droplets will not 
retain encapsulant fluid in the same manner as a solid particle, requiring extra care to ensure 
that spun-off droplets carry some of the latter with them. They are more susceptible to distortion 
by the centrifugal forces imposed on them. Recovered microcapsules will also be combined with 
microspheres of neat encapsulant.
Chemical solidification has been proposed in place of drying [71]. The authors describe a 
method of encapsulating biological cells in an alginate solution. The feed mixture is fed onto the
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disc as normal. A series of cups are positioned around the disc to capture the droplets as they 
are expelled by the centrifugal action. The cups contain an aqueous solution of calcium 
chloride. The alginate in the droplets is gelled by reaction with Ca2+ ions, thus solidifying the 
capsules. Another variation has been patented which employs a powder cushioning layer to 
capture the microcapsules and reduce impact breakages [72].
3.3.2.6 Co-extrusion
When a liquid is passed (or extruded) through an orifice and allowed to fall under gravity, it will 
begin to break up into droplets which, given sufficient flight time, will adopt a spherical 
geometry. This phenomenon is known as Rayleigh’s instability. The speed at which the liquid 
stream breaks-up and the shape of the particles are dependant on the flow rate, Q, and the size 
of the orifice through which it is passed. This phenomenon has been utilised as an 
encapsulation technique by extruding two liquid streams, such that one stream is extruded 
within the other [73, 74]. The process has therefore been named co-extrusion encapsulation. 
As with spinning disc coating, it is really an adaption of spray drying or chilling, with the co­
extrusion nozzle replacing the atomiser as a method of introducing the feed mixture into the 
drying chamber.
Figure 3.4: Schematic of twin orifice nozzle for co-extrusion
A nozzle consisting of two concentric orifices is used, as shown in Figure 3.4. An encapsulate 
is passed through the inner orifice at a flow rate, Qc (core), while the encapsulant is passed 
through the outer orifice at the rate Qs (shell). As such each has to be in liquid form i.e. melt, 
solution or suspension. These streams are then broken up into droplets through Rayleigh’s
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instability, forming droplets with inner core and outer shell. These droplets then require 
hardening of the shell material.
Figure 3.5 shows the break-up of a liquid stream into droplets. This process can be optimised 
by adjusting the flow rates and the orifice sizes. Furthermore, by altering the relative flow rates, 
Qc and Qs, and the orifice sizes, it is possible to change the properties of the droplets. For 
example, assuming the orifice sizes are unchanged, if Qc »  Qs, it is likely that the droplet 
cores will be incompletely covered and encapsulation will not be achieved. Conversely Qc<< 
Qs would give rise to capsules with low loadings and thick walls.
Once the stream has broken up into droplets, the next stage is to solidify the shells, and if 
required, the core. The same processes are available as to spray drying and spinning disc - i.e. 
heating, chilling or reaction.
Figure 3.5: Break-up of a liquid stream under gravity [75]
The basic process described is known as stationary co-extrusion encapsulation. Two distinct 
modifications have been made: centrifugal co-extrusion and vibrating nozzle co-extrusion.
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Centrifugal co-extrusion is achieved using a new head. The head contains two nozzles pointing 
in opposite directions and perpendicular to the axis of rotation. Each nozzle still extrudes a two 
liquid stream, each stream now thrown out in a similar manner to the spinning disc process. The 
streams break into droplets as the liquid falls, passing through a drying chamber to solidify the 
shells. This results in an increased production rate of particles, though the chamber size has 
to increase in diameter to contain the streams. Furthermore, for the same length of drop path, 
the droplets have a greater residence time.
Vibration co-extrusion involves the use of a vibrating nozzle. A vibration source is used to 
vibrate the nozzle in the axis of liquid flow. This has the effect of improving droplet regularity 
by ensuring a more stable break-up of the liquid stream. Such a system has been developed 
in combination with computer imaging and control to optimise drop formation through accurate 
control of the vibration and feed systems [76].
3.3.2.7 Emulsion polymerisation
Emulsion polymerisation is a form of free radical polymerisation, used in the preparation of a 
number of polymers, such as acrylics and PVC [77]. It can be employed as a multi-stage 
process, allowing the build-up of the preparation of multiple layered particles, for example, it is 
used to form impact modifiers for thermoplastics, for example a styrene-butadiene-styrene core, 
with a PMMA shell. The outer shell aids compatibility with acrylic plastics during compounding. 
This has not been extensively used as an encapsulation process but has been included as 
researchers were attempting the preparation of capsules for smart repair applications [41],
Emulsion polymerisation is performed by preparing an aqueous continuous phase with a 
surfactant (as the emulsification agent) and water soluble free-radical initiator (e.g. Iron (II) 
persulphate).Surfactant is added so that the critical micelle concentration (CMC) is obtained. 
A charge of monomer is then added and the mixture agitated to form an oil-in-water (O/W) 
emulsion. The bulk of the monomer will form droplets, typically up to 10//m in diameter, but 
some exists in the continuous phase as lone molecules and, more importantly, some monomer 
dissolves in the hydrophobic interior of the micelles, which numerically predominate. The 
initiator diffuses into both droplets and micelles, and as the latter predominate, the bulk of the 
polymerisation occurs within them. As polymerisation progresses and monomer in the micelles 
is consumed, monomer from the droplets diffuses into the micelles, until the droplets are
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eventually exhausted and the remaining monomer in the micelles reacts.
For an encapsulation process, this has formed the capsule core. A second emulsion 
polymerisation is now performed to generate the next layer, or shell. A charge of the desired 
coating monomer is added to the continuous phase. Rather than emulsify this however, it is 
required to spread over the surface of the existing polymer particles and therefore careful 
polymer selection needs to be employed, so that the hydrophobic surface of the polymer 
particles is more favourable than the aqueous phase. A further addition of initiator may be 
required to polymerise the second monomer.
This technique only encapsulates solids and both encapsulant and encapsulate materials must 
be water insoluble, capable of polymerising via a free-radical mechanism and, for second or 
subsequent monomers, must preferentially wet the existing polymer surface rather than 
disperse in the aqueous phase. Repeated charges and polymerisations are feasible, allowing 
the formation of multiple layered capsules. These are of use in the preparation of pulse release 
capsules for insecticides, drugs or possibly scents.
In the reported encapsulation process [41], the initial monomer was 2-ethyl cyanoacrylate 
(ECA), which readily polymerises in water without initiator. Methyl methacrylate was used to 
form the shell with some success, though difficulties were encountered in ensuring small 
particle sizes.
3.3.2.8 Interfacial polymerisation
Interfacial polymerisation is an addition or condensation reaction (a step-growth polymerisation 
[77]) between two reactive species and is so named as the reactive species are partitioned by 
virtue of being dissolved in immiscible solvents. Reaction is therefore limited to the solvent 
boundary. It is common for one solvent to be water.
Each reactant is dissolved in one of the solvents and the two liquid phases are brought into 
contact with each other. Polymerisation precedes at the interface, forming a film between the 
solvents. As the reaction proceeds, one reactive species diffuses through the forming polymer 
barrier and into the monomer region where further polymerisation will occur, if the reaction is 
a batch process, the rate drops as the film thickens and the diffusion path length increases. In
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practice this is avoided by steadily drawing off the forming polymer, restricting the thickness of 
the polymer film and retaining a relatively constant reaction rate until reactants are either 
consumed or recharged. The process is readily used as a continuous reaction, where the rate 
of monomer addition is matched to the rate of polymer withdrawal to achieve a constant rate 
of polymerisation reaction rate.
A common form of this process is known as the “nylon rope trick” [78] whereby sebacoyl 
chloride and hexamethylenediamine are used to form nylon 6.10 in a beaker. The acyl chloride 
is dissolved in carbon tetrachloride and a layer of aqueous diamine solution added on top. 
Reaction of the two components forms a film between the phases, which can be withdrawn as 
a string to allow continuous formation of the polymer, until reagents are exhausted. There are 
numerous reactive pairs that can be utilised in this polymerisation technique, some of the most 
common are listed in Table 3.1.
Reactive species Product
acyl chlorides amines polyamides
acyl chlorides hydroxyls polyesters
acids amines polyamides
isocyanates hydroxyls polyurethanes
isocyanates amines polyureas
Table 3.1: Commonly used reactive species pairs for interfacial polymerisation
The nature of the polymer formed is obviously dependent on the functionality of the starting 
monomers. Difunctional starting materials will result in linear, low branching polymers, while 
increasing use of tri- and tetra- functional starting materials will give rise to cross-linked and 
highly branched polymers. Mixtures of differing functionalities can be employed and a 
monofunctional reactant may sometimes be included to restrict the molecular weight. Another 
example of such control is the blocking of amine-based interfacial reactions by the addition of 
HCI. This can be exploited to achieve a finer dispersion of the droplets before polymerisation 
proceeds to a point where they are fixed. The reaction is restarted by neutralisation of the acid.
By dispersing one phase as droplets within the other, surface area is drastically increased, 
accelerating polymer formation. This also allows for greater control of the molecular weights
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achieved as each droplet will contain a finite amount of one of the reactants. There are two 
problems with this approach. Firstly it is no longer possible to simply draw off the forming 
polymer and thus the technique becomes a batch process and secondly it may give rise to the 
entrapment of the dispersed phase solvent within the particle.
Interfacial polymerisation as an encapsulation method was developed by the Pennwalt 
Corporation [79, 80] in an attempt to find an economical approach to encapsulating 
organophosphate pesticides.
Encapsulation is achieved by dispersing the encapsulate in the dispersed phase solvent 
(usually the organic phase). As polymerisation proceeds, the encapsulate is trapped within the 
forming polymer walls. The use of the encapsulate as the solvent has the advantage of 
removing the requirement for a third material in the dispersed phase, and thus capsules formed 
have higher effective loadings. Capsule wall strength and permeability can be adjusted 
according to requirements by controlling the degree of cross-linking.
In one variation of the process [81], dispersed (oil) phase monomer was replaced by an 
organometallic catalyst, capable of cross-linking a hydroxyl functional polymer dissolved in the 
aqueous phase. Examples of the aqueous phase polymer were given as PVOH, methyl 
cellulose and starch. Cross-linking of these materials occurs at the droplet interface and 
decreases their solubility in water, precipitating around the droplet.
Another variation [82] dissolved an ethylene/maleic acid copolymer salt, where some of the acid 
groups were converted to amides, in the aqueous phase, into which was dispersed a liquid dye 
as the encapsulate. The salt was then precipitated from solution by acidification of the aqueous 
phase.
Other researchers [83] have reversed the usual process and encapsulated the water-soluble 
phase.
The advantages of interfacial polymerisation as an encapsulation technique include rapid 
formation of the capsule walls, ability to encapsulate without heat (thus making it suitable for 
pharmaceutical applications) and the possible variations in wall strength and permeability 
achievable by modifying functionality and ratio of reactants. However excess monomer in the
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dispersed phase will be trapped within the capsule, walls tend to thin and capsule size is fixed 
once appreciable polymerisation begins. Furthermore, where acyl chlorides are used, the 
polycondensation generates HCI, likely to be an unwanted contaminant in capsules and 
potentially inhibiting acyl-chloride/amine reactions.
Some workers have exploited the rapid gelation of alginates by multivalent ions to form 
encapsulated products [60, 84]. This is not strictly an interfacial polymerisation but contact of 
the two phases results in the cross-linking of the alginate to form a solid capsule. Sodium 
Alginate is water-soluble, but the sodium ions are readily replaced by multivalent ions, such as 
calcium (Ca2+) or Iron (as Fe3+). Keen [60] encapsulated the antioxidant, 2,6-di-tert-butyl 4- 
methylphenol (BHT) by suspending it in sodium alginate solution. A fine spray of the dispersion 
was then added to a volume of calcium chloride. Solid capsules were .recovered after ~1 hour, 
Na+ ions having been displaced by Ca2+ allowing alginate chains to cross-link.
Urn et al [84] used a similar process to encapsulate living cells. The major benefits of alginates 
in this application being their non-toxicity (they are acceptable for food use), mild preparation 
conditions and relatively high porosity. The encapsulation of biomaterial in this manner is known 
as the Encapcel process [85].
3.3.2.9 In-situ polymerisation
An in-situ polymerisation is similar to an interfacial polymerisation, but whereas the latter 
consists of two phases, each holding one reactive species, all reaction materials are contained 
within one of the phases. An O/W emulsion is formed, typically with the oil phase as the reactive 
mixture. As the polymerisation is not located at the phase interface, this process can form solid 
particles. Furthermore, it can be used to form homopolymers.
Encapsulation is achieved by incorporating the desired encapsulate in the dispersed phase [44, 
86, 87]. Alternatively a complex W/O/W emulsion can be formed whereby the encapsulate is 
the inner aqueous phase, the encapsulant (polymerisation) ingredients form the oil phase and 
a second aqueous phase is employed as the continuous phase. This allows for the 
encapsulation of water soluble materials [88, 89]. However, despite the presence of the oil 
phase, some material transfer can occur between the two aqueous partitions and the addition 
of salts to the external aqueous phase was successfully explored as a means of inhibiting this
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transfer [76], which may otherwise form pores in the hardened capsules.
Whether a simple or complex process is utilised, polymerisation is contained within the 
dispersed phase and it is therefore possible to form solid microspheres or dispersed domain 
capsules as well as conventional ones.
3.3.3 Summary of encapsulation processes
Table 3.2 summarises the important features of the processes described above. This review 
has attempted to cover the main processes currently available as established techniques in the 
laboratory and industry.
Method Encapsulate
phase
Morphology Comments
Physical processes
coacervation usually liquid microcapsule most versatile technique
spray
drying/chilling
solid or liquid microcapsule or 
microsphere
suited to large scale production, 
adaption of current industrial 
technique
ESEV & ESEX solid or liquid microcapsule
spinning disc liquid microcapsule
co-extrusion liquid microcapsule
chilling molten 
encapsulant
solid or liquid microcapsule
Chemical processes
interfacial
polymerisation
liquid microcapsule
emulsion
polymerisation
solid or liquid microcapsule
in-situ
polymerisation
liquid microcapsule
Table 3.2: The different encapsulation methodologies
As can be seen a number of these techniques are more suited to the large scale manufacture 
of microcapsules or microspheres, while others are more ideal for the laboratory environment. 
As a general rule it is these latter processes that offer more versatility to exploring new
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combinations of encapsulant and encapsulate materials and within one process a number of 
variations exist as to how a particular encapsulation is achieved. Coacervation in particular is 
seen as one of the most versatile techniques as, aside from the raw materials, it only requires 
an agitation source, a beaker and in some cases a heat source.
3.3.4 Practical applications of encapsulation
Encapsulation techniques have been utilised commercially for several years, and their 
widespread use can be seen in various reviews [76, 90]. Some examples from various 
industries are given in this section.
3.3.4.1 Pharmaceutical
Dispersed domain microcapsules consisting of the active ingredient dispersed in a bio­
degradable matrix have been incorporated into tablets, sprays and oral formulations [e.g. 69], 
The matrix acts as a carrier, protects against absorption and can control the speed of release 
of the active ingredient. Release may be through matrix degradation, diffusion of the active 
ingredient out of the particle, diffusion of a carrier fluid into the microsphere or a combination 
of these. Microcapsules are also used, especially those with multiple walls. The encapsulate 
is released in controlled bursts as each wall is broken down. In this way a series of dosages can 
be delivered in a single treatment, and individual doses can be administered in stages. 
Encapsulation allows drugs to be targeted more effectively, reducing loss of the drug on route 
to the target region and therefore reducing required dosages. Furthermore, by altering the 
composition and properties of the encapsulant phase, release and target profiles can be 
altered, allowing a series of treatments to be prepared from the same encapsulation method.
3.3.4.2 Stationery
Another early industrial user of encapsulation was the stationery industry. Carbonless copy 
paper, used in triplicate books for example, consists of a layer of dye-containing microcapsules 
on one of the sheets. When the top sheet is written upon, the action breaks some of the 
capsules, releasing the dye. The dye itself is not visible until it comes into contact with a fixative 
embedded in the copy sheet, giving the duplicated image. As the capsules keep the dye 
isolated until broken, the chance of unwanted marking is reduced. Carbonless copy paper has
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virtually replaced carbon-based papers completely. Another example of the application of 
encapsulation in stationary is the “non-lick” envelope [91 ]. An adhesive is encapsulated and the 
capsules applied to the bonding edges of the envelope flap. When the envelope is to be sealed, 
the flap is pressed down. This process ruptures the capsules, releasing the adhesive and 
bonding the envelope closed.
3.3.4.3 Advertising
Perfume/aftershave test cards often used in advertising mail shots are prepared by applying 
fragrance capsules to a card in a paste form and allowing the paste to dry. Scratching of this 
layer ruptures the capsules, releasing the fragrance. The same types of materials can also be 
used for adding smells to other products, such as foodstuffs and tobacco.
3.3.4.4 Pesticides
The encapsulation of the organophosphates pesticides was the driving factor behind the 
development of interfacial polymerisation as an encapsulation technique [80]. DDT was 
replaced by organophosphates during the 1960's due to the persistence of the former in the 
environment. Organophosphates were far less persistent, lasting 1-3 days after spraying. This 
rate of degradation, caused by bacterial and UV action, was too rapid. Furthermore 
organophosphates are highly toxic to mammals, a dose as small as three drops on the skin may 
be lethal. Such absorption could arise simply through brushing against a treated plant. In order 
to increase persistence and reduce toxicity, encapsulation was proposed. The shell was formed 
by reaction of diamine and diacyl chloride with a polyfunctional isocyanate to increase cross- 
linking and reduce the permeability of the wall with respect to the encapsulate.
3.3.4.5 Sealants
The encapsulation of dichromate curing catalysts for polysulphide sealants [63] was studied 
with a view to removing the necessity of storing two separate components. Capsules were 
prepared by drying-in-liquid (i.e. emulsion solvent extraction) to form brittle containers for the 
catalyst. These were then incorporated into the base polysulphide sealant. The principle was 
for mixing of the sealant to rupture the capsules and release the curing agent. Mixing alone did 
not prove sufficient to rupture the capsules, a combination of heating (the encapsulant was a
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wax) and mixing was required. However the principle was proved.
3.3.4.6 Polymers
Microencapsulation has been employed to incorporate anti-oxidants into polymers to limit UV- 
degradation [60,92], Anti-oxidants are typically compounded directly into the polymer and tend 
to be lost through diffusion to the polymer surface and subsequent volatilisation. Encapsulation 
of the anti-oxidant, 2,6-di-fe/t-butyl 4-methylphenol (BHT), was achieved by gelation of alganite. 
These were then incorporated into poly(isoprene) for protection from UV-ageing.
3.3.5 Suitability of encapsulation
It can be seen from the number of methods available that a wide range of options exist if a 
material is to be encapsulated. Different processes have been developed by various industries 
according to their needs and requirements, it is this variety that makes encapsulation a 
promising technique for the incorporation of a repair material into a structural adhesive. To an 
extent the method of encapsulating a material can be tailored to that material, allowing for 
sensitivities to heat, solvents, or other factors.
Encapsulation also provides a useful storage medium for any potential repair phase from a 
manufacturing perspective. For example, consider an acrylic repair material. Many acrylics are 
volatile and some are flammable or even toxic. If the acrylic is supplied to the formulator in 
capsule form, the hazards associated with the vapours are reduced.
By storing the repair material in a capsule it is expected that long term material losses will be 
reduced, giving a system capable of operating over the lifetime of the structure. Considering 
the extended lifetime of many commercial and military platforms due to high design and build 
costs, this can be several decades. For example, the USAF has recently decided to keep the 
B-52 fleet flying until the 2040's. This would represent a 90-year lifetime for those aircraft.
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3.4 Diffusion in polymers
3.4.1 Introduction
There are two stages in the LCA concept that rely on the diffusion of an organic species 
through the primary adhesive. These are the initial moisture diffusion into the polymer that will 
give rise to interfacial damage and rigger release of the repair material and diffusion of the 
repair material after the trigger to allow it to reach the damaged area. The timing of the second 
stage is critical as repair must occur before failure.
Consideration to the diffusion of potential repair materials must be given to ensure that they will 
indeed diffuse in a reasonable time-scale without significantly altering bulk adhesive properties 
in a manner that would inhibit its serviceability, for example through the suppression of Tg.
Diffusion is defined as the process by which matter is transported from one part of a system to 
another as a result of random molecular motions [93]. The rate at which diffusion occurs is 
dependent on the nature of the diffusion process or processes and the equilibrium level i.e. the 
point at which no more diffusing material (known as the penetrant) can be taken up by the 
absorbing material. This level is itself dependent on a number of factors, including the 
physicochemical natures of matrix and penetrant; temperature; pressure and concentration of 
the penetrant.
A series of laws have been proposed by various workers to model the diffusion of penetrants 
into many systems. These laws relate the rate of flow of penetrant to another variable, such as 
the concentration or chemical potential gradients, either of which can act as the driving force 
for diffusion, depending on the specific diffusion process concerned.
The penetrant of greatest interest in adhesive and polymer studies has historically been water. 
As a ubiquitous material it is liable to be encountered in numerous applications in some form. 
The potentially deleterious effect that water can have on adhesive joints, especially on an 
adhesive-metal interface, makes knowledge of its diffusion behaviour highly important to the 
prediction of stability and lifetime of such joints, especially in immersed or high humidity 
conditions. Water is unique due to its size (smaller than any organic solvent), high polarity and 
capability to hydrogen bond. The former increases its diffusion ability, while the latter allows
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water to bind to specific polar groups in a polymer network. Similar behaviour may be observed 
with other polar molecules.
It has been proposed [94] that water sorption into a polymer can occur by three means:
• attachment to hydrophillic groups of the matrix;
• bulk dissolution into the matrix;
• absorption into free volume within the matrix.
Attachment to hydrophilic groups of the polymer matrix occurs through hydrogen bonding 
between a water molecule and one such group. Moisture present in this form is known as bound 
water and tends to have little effect on the polymer as a whole as it is present as single 
molecules. It can however disrupt existing hydrogen bonding and dipole-dipole interactions 
between polymer chains, and in this manner alter the physical properties, such as Tg. The 
amount of water that can be bound in this way is less than one molecule per available site due 
to steric effects. Dissolution of water into the matrix can occur in higher concentrations and 
have a greater impact on the polymer network [95]. These molecules of “free” water are 
capable of attaching to bound water through hydrogen bonding and can result in swelling of the 
matrix. W ater can also collect as a condensed phase [94] within vacuoles in the matrix that 
make up the free volume.
3.4.2 Diffusion processes
The five processes proposed as means for a penetrant to diffuse through a polymer matrix are:
• axial motion
• intra-chain motion
• hole diffusion
• osmotic diffusion
• electro-osmotic diffusion
With axial motion four adjacent parallel polymer chains can be considered to define a tube 
through which a penetrant molecule can pass. As this requires minimal reordering of the 
polymer matrix, it can be considered to have a low activation energy. Intra-chain motion is
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where sufficient separation occurs between two polymer chains, allowing a penetrant molecule 
to pass to the next such space. Evidently this process is dependant on sufficient energy to give 
rise to such chain separation and thus is slower than axial motion, indeed this process is 
considered to occur after axial motion rather than at the same time. Hole diffusion [96] may 
occur where cavities exist within the polymer, penetrant molecules “hopping” between holes. 
These cavities can be defects or interstitial sites and can be mobile, through Brownian motion 
of polymer chain segments, or fixed. A penetrant molecule occupying a mobile space may 
therefore move through these molecular motions. If sufficiently small it may also move through 
fixed spaces relatively easily. Osmotic diffusion [97] has been proposed primarily with regard 
to water diffusion in polymers containing soluble inclusions. These inclusions may be 
processing aids, impurities or additives. On diffusion of water into the polymer, they will be 
dissolved, forming expanding solution droplets. As the initial concentration of these droplets is 
high, an osmotic pressure is generated, driving the diffusion of more water. This will drop as the 
solution becomes increasingly dilute and eventually the osmotic pressure will balance with the 
pressure exerted by the polymer matrix on the droplet. Electro-osmotic diffusion occurs where 
soluble inclusions are ionic. As well as generating an osmotic pressure, the solution droplets 
can form a potential difference across the bulk polymer, inducing the movement of ions. These 
ions, which will have associated water of hydration, can “drag” other water molecules through 
frictional forces.
These processes can also be accompanied by leeching of molecular material, such as 
unreacted monomer or oligomers, where the matrix has undergone significant swelling, allowing 
greater mobility.
3.4.3 Diffusion rates
The rate of absorption and diffusion of a penetrant into a polymer is expressed in the form of 
the diffusion coefficient, D. This is a measure of the rate of penetrant motion through a unit area 
of substance and thus strictly only applies in a specific direction, though for unfilled polymers, 
this is irrelevant as they are usually isotropic.
Diffusion rates are dependent on the process by which the penetrant is diffusing. More than one 
process is liable to occur in a polymer and thus D is an overall value. Temperature, pressure, 
chemical nature, penetrant concentration and mechanical factors can all alter the diffusion
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coefficient through changes to activation energies to specific processes, chemical compatibility 
and restriction on molecular motions.
For polymers there tend to be marked differences in diffusion behaviour according to whether 
the polymer is in its glassy or rubbery region. In the latter, there is substantially more molecular 
freedom. The rates of intra-chain motions and hole formation are increased above Tg, 
increasing the rates of penetrant movement (passage between the chains or hopping) through 
these processes. Should the penetrant exhibit sufficient solvent power with respect to matrix, 
the glass transition can be significantly lowered, allowing the polymer to pass from its glassy 
to rubbery state. Temperature can also significantly alter the degree of hole formation and 
motion through increased freedom of motion for polymer chain segments and increase in free 
volume due to expansion.
If a penetrant and absorbant have chemically compatible groups, interaction can occur resulting 
in the binding of penetrant molecules to specific sites in the bulk polymer. Such interactions can 
occur between polar functionality on the polymer backbone and penetrant e.g. H20  and -NH- 
groups. As already mentioned, bound penetrant can contribute to the disruption of intra- or 
intermolecular bonding of the polymer chains and thus alter the physical properties of the bulk 
solid. The complex nature of most polymers will limit the amount of penetrant-site binding due 
to steric hindrance and consequently a stoichiometric degree of binding is not present. Bound 
penetrant can act as seeds for aggregation of further penetrant that may in turn result in 
swelling in the matrix.
It can be seen that the mobility of molecular segments is important to many diffusion processes 
and the rates at which they occur. This relationship between relaxation times and diffusion is 
used as the basis of a classification for different types of diffusion.
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3.4.4 Modes of sorption
Alfrey [98] proposed three modes of polymer sorption behaviour - Fickian (also known as Case 
1), Case II and non-Fickian (or anomalous).These were defined as:
• Case l/Fickian - rate of diffusion ism uch less than that of relaxation;
• Case II - rate of diffusion is very rapid compared with relaxation;
• Non-Fickian/Anomalous - rates of diffusion and relaxation are comparable.
Fickian diffusion tends to be observed in polymers above their Tg. In this region, molecular 
relaxations are sufficiently rapid that they do not hinder penetrant motion, and thus diffusion is 
coefficient dependent, rather than time dependant. Diffusion plots (M, vs. t05) where Fickian 
behaviour is observed, exhibit the following features:
• the initial uptake is linear, usually up to -60%  of total saturation;
• after this linear phase, the curve plateaus so that it is always concave to the y-axis;
• sorption plots for polymer films of differing thickness can be superimposed when plotted 
concentration is kept constant as M /M „ versus ty7l, where is the saturation 
absorption and I is the sample thickness. These are known as reduced curves.
There are a number of forms of non-Fickian diffusion - pseudo-Fickian, sigmoidal and two- 
stage. W here pseudo-Fickian diffusion is observed, the plot is similar to Fickian diffusion and 
may exhibit the first two features described. They cannot be superimposed to form reduced 
curves, however. Sigmoidal absorption is the result of differing rates of polymer relaxation, 
some almost instantaneous, others at rates below that of penetrant diffusion. As the slower 
processes occur, the diffusion increases drastically, giving rise to the inflexion. Eventually 
equilibrium is approached and the curve reaches a plateau. The characteristic features are:
• initial uptake is non-linear, whether plotted versus t or t05;
• absorption plots follow a sigmoidal (S) shape, usually with an inflexion point around 50%  
of final uptake;
• sorption plots for polymer films of differing thickness (I) cannot be superimposed when 
plotted as M/IVL versus ta5/l.
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Two-stage absorption has also been explained as the result of two relaxation processes. Initially 
the polymer swells in an elastic manner (i.e. requiring minimal rearrangements of polymer 
segments) and diffusion is essentially Fickian. As elastic forces relax, the energy of specific 
absorption sites decreases and thus diffusion re-starts. Features associated with this diffusion 
are:
• the initial uptake stage may appear similar to Fickian uptake;
• initial uptake is followed by a further diffusion stage;
• sorption plots for polymer films of differing thickness cannot be superimposed when
plotted as M /M „ versus t05/l.
Figure 3.6 shows idealised curves comparing Fickian and non-Fickian absorption.
Case II sorption is observed where penetrant activities are high and sorption is occurring close 
to, or below, the polymer’s Tg. The uptake is marked by a sharp diffusion “front” in the polymer, 
this front marking the boundary between rubbery, penetrant-containing phase from an 
essentially pure glassy-polymer (an example of this is the immersion of PMMA in 
dichloromethane). The velocity of the diffusion front is constant, being determined by the rate 
of relaxation of polymer molecules at the boundary.
Figure 3.6: Diffusion plots comparing Fickian and various non-Fickian diffusion behaviours
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3.4.5 Mathematics of Diffusion
Fick’s first law (Equation 3.1) is the result of an analogy to the theory of heat transfer and relies 
on the assumptions that (a) diffusion through a unit area is achieved by random molecular 
motions and (b) is proportional to the concentration gradient of the penetrant.
dc
F —  D( ) Equation 3.1dx
where F is the flux (flow rate), D the diffusion coefficient, C is the concentration of penetrant and 
x the displacement through the thickness of the polymer. This relationship is, however, only 
valid if the concentration through the thickness is not changing with time. Fick’s second law is 
more applicable to the case of a penetrant diffusing into a polymer (Equation 3.2).
dc T^ / d2c d2c d2cx
— -  =  £ ) ( - ■  7T +  “  7T +  9 )  Equation 3.2
dt dx2 dy2 dz
where x, y and z are co-ordinate directions. This law represents the diffusion of penetrant 
through 3-dimensions and can be simplified by restricting diffusion to one direction (*) e.g. using 
a polymer sample in thin film form, as given in Equation 3.3.
dc d2c
“  —■ D  ~  TT Equation 3.3
dt dx2
For a semi-infinite film of thickness 21 (i.e. x is negligible compared to y and z), in an infinite 
bath, Equation 3.4 applies. An infinite bath is one in which the loss of penetrant as it diffuses
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into the polymer is negligible.
c  4 r ,  (-1)" - D ( 2 n +  l ) 27rt (2 n + l)® x .> V“' T L J  M l y Z , U T  JiJ/LJl.
C„, = 1 -  7 ^ 0^ T l f Xp[ 4 P  ]C0S[ 21 ] Ec?uaffon3A
Where C is the concentration and C«, is the concentration at equilibrium. Integration of this 
equation yields the following relationship, giving the amount of penetrant in the film at a specific 
time, Equation 3.5, which is simplified at short times to Equation 3.6.
M , , 8 n  1 - ( 2  n+ V)2 n 2 D t
~m! = “
M ,  4  D t
— - =  -  ( — )  
M „  l y K
Equation 3.6
By plotting the fractional uptake, M/M„, versus t05 or t°-5/l, the diffusion coefficient can be 
calculated from the gradient of the initial linear section. This information can then be used to 
determine the penetrant concentration at any point in the film with Equation 3.5 or 3.6.
3.4.6 Measurement of diffusion
Determination of diffusion rates and degree of uptake (i.e. the amount of penetrant absorbed) 
is usually performed gravimetrically. A sample of known geometry is exposed to a controlled 
concentration of penetrant, and the change in mass monitored as a function of time until a 
steady state is reached. The methodology employed in this study is described in Chapter 4.
3.5 Concluding remarks
The development and application of smart materials is a field that has attracted interest from  
numerous parties. The potential benefits of smart materials in their various forms suggest that
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this is likely to continue for some time. Self-repair is one smart material concept that has gained 
much attention but this has primarily been with regard to mechanical damage to structures, as 
evidenced by the work reviewed on concretes and polymer matrix composites. An exhaustive 
review of encapsulation was difficult due to the number of techniques and variations in 
existence. This is continually expanding as processes are modified or new ones developed. The 
most significant and established techniques have been discussed, as have some newer 
processes. Further consideration of the applicability of these techniques to the development of 
a LCA is given in Chapter 4, where the selection of materials to be employed as encapsulants 
and encapsulates is also undertaken. Diffusion will play an important role in the successful use 
of a LCA, in both release of encapsulate and migration of the encapsulate phase as an internal 
penetrant. Moisture diffusion has also been considered as this is seen as a possible means of 
triggering the release process.
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Chapter 4 - Selection of materials and techniques
4.1 Introduction
Criteria describing the behaviour of a lifetime compensating adhesive were given in Chapter 1, 
but these did not describe the design requirements of the adhesive, which are given here:
• A lifetime compensating adhesive resin should be applied in a similar manner to 
conventional structural adhesives and require no extra preparative stages.
• it should be comparable or superior to commercially available resins in terms of cost, 
processing and general performance;
• The bond-line thickness of a LCA should be comparable to those used in commercial 
systems, which typically fail in between 150 and 25Q//m;
• Capsule diameter must therefore be less than the bond-line thickness of the adhesive, 
so as to avoid adhesive deficient regions, and especially areas of capsule-substrate 
contact, which would effectively act as an interfacial defect. Capsule diameters of 
100//m or less are desired;
• The capsule system must be stable in the adhesive resin during storage, cure and 
service life of the adhesive bond.
As the first step towards developing an encapsulated repair phase to form part of a lifetime 
compensating adhesive, a number of materials and processes had to be identified. The 
selection of these is discussed in this Chapter.
Materials have been selected for use as model primary adhesive matrix, potential repair phases 
and encapsulants, while a number of encapsulation techniques were proposed to prepare the 
encapsulated product. Chemical structures of these materials are given in Appendix A.
This chapter also describes the analytical techniques used throughout the project, including 
differential scanning calorimetry (DSC), dynamic mechanical thermal analysis (DMTA), ultra­
violet visible spectroscopy (UV-vis) and Fourier transform infra-red spectroscopy (FTIR).
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4.2 Selection of a primary matrix
As part of the development of a lifetime compensating adhesive, it will be necessary to 
incorporate any successfully developed microparticles into an adhesive. The selected adhesive 
will be a “model” system, rather than a fully formulated commercial product and as such will 
consist of the minimal ingredients - the reactive components. It should, however, be 
representative of common structural adhesives and as such should be based on one of the 
three most common structural adhesive chemistries i.e. epoxy, acrylic or poly(urethane).
Epoxides are the most common structural adhesive, especially in aerospace and similar 
applications, and as such have been selected as a representative matrix. Epoxides are 
commonly available in difunctional form, typically based on diglycidyi ether of bisphenol-A 
(DGEBA). This is a difunctional molecule with a mass of 340g mol*1. It is, however, usually 
supplied as an oligomer with a range of molecular weights. A common epoxide with higher 
functionality istetraglycidyl-diamino-diphenyl methane (TGDDM) with four epoxide groups. This 
material has a very high viscosity and cure temperature thus making processing difficult.
A DGEBA resin, Epikote 828 (Resolution Performance Products), was selected. This has a 
molecular weight (Mw < 700g mol'1 and an epoxide equivalent weight (EEW) of 189g mol'1. A 
poly(oxypropyI diamine), Jeffamine D230 (Huntsmann Corporation) was chosen as the curing 
agent. This has an Mw of 230g mol'1 and a hydrogen equivalent weight of 76g mol'1. Selection 
was guided by the author’s prior experience of this system [4], its chemical simplicity (no fillers), 
ease of handling and ready availability.
4.3 Selection of repair phases
Criteria for a lifetime compensating adhesive were proposed earlier, and those touching on the 
repair material are expanded upon and discussed in the following.
The presence of the repair phase must not adversely affect the cure of the primary adhesive. 
It is possible that some microparticles will leak a small amount of repair phase, perhaps through 
small domains close to the surface, breakage of capsules during mixing or rupturing of weak 
particles under thermal stresses (from reaction exotherm or cure temperature). In this case, the 
repair phase should not inhibit the primary curing mechanism and thus affect the final properties
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of the adhesive. Heat of reaction from the primary adhesive system could provide energy for 
a reaction between otherwise stable repair phase and encapsulating medium.
Release of the repair phase must be triggered in response to damage, or conditions that will 
give rise to damage. A number of triggers can be considered and could be passive or active, 
for example, chemical response to the presence of moisture or a thermal activation. Irrespective 
of the nature of the trigger, a repair phase will ideally be released only on activation via this 
route. The success of a trigger is dependant on the behaviour of the encapsulating medium. 
Assuming this responds as required, it must be favourable for the repair phase to leave the 
microparticle.
The repair phase must be able to migrate through the primary adhesive matrix to the defect. 
This migration must occur during a reasonable time-scale and during the process, interactions 
between repair and adhesive matrix molecules should be minimal. Reaction between the repair 
phase and residual reactive groups on the adhesive backbone during diffusion would require 
greater loading of the former to account for losses incurred. Secondary interactions, such as 
dipole-dipole forces, will affect the speed of migration and potentially reduce its effectiveness. 
These interactions may lead to swelling and plasticisation of the primary matrix, ail of which will 
affect the properties of the adhesive joint as a whole.
The repair phase must be able to restore a degree of adhesion across the defect. Upon 
reaching the site of the defect it is essential that the repair phase molecules are able to wet the 
substrate and generate or increase adhesive forces across the defect, restricting its growth and 
mitigate against loss of strength. This would most likely be through a cure or polymerisation 
mechanism and as such repair systems could involve multiple reactive components, in which 
case both (or all) must arrive at the defect within the same time-scale to affect a successful 
repair. Ideally cure or polymerisation would not require external stimuli but may utilise a pre­
applied activator, such as a primer on the substrate.
To meet these requirements, it is envisaged that the repair phase will act as an adhesive. This 
would ideally be a single component system with minimal modification. A two component 
system would require both active chemicals to reach the defect site within a similar time-scaie 
to prevent the loss of one component through diffusion to an edge and evaporation or the build­
up of a plasticising phase within a region of the matrix. Fillers would not be expected to diffuse
Selection of materials and techniques
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through the matrix at all, while other additives (e.g. reactive diluents) may do so at different 
rates, effectively causing separation of the repair adhesive. Conversely a single component 
system needs to be stabilised to prevent premature cure or activation on arrival at the defect 
site. The latter should occur without an external stimulus. Upon activation of the release trigger 
the repair phase(s) must be able to pass through the capsule wall.
Candidates from four classes of adhesive were considered as possible repair materials and 
each is discussed below. These types are: epoxides; acrylates; poly(urethanes) and 
cyanoacrylates.
Epoxides have already been mentioned in relation to the matrix. As a general rule they are of 
high viscosity and while lower molecular weight versions exhibit decreasing viscosity, they also 
tend to show poorer properties. Single and two-part systems exist, though the former are 
relatively rare and require activation e.g. UV radiation. Conversely two-part systems would 
require encapsulation of two different materials and selection will be hindered by the desire to 
match diffusion rates. Furthermore, as materials of identical functional chemistry to the matrix, 
they will easily react with residual functionality of the primary matrix. Any repair is unlikely to 
exhibit improved durability when compared to the matrix phase. W ithout the presence of 
catalytic components these “standard” chemistries, such as that selected for the matrix, tend 
to cure slowly at ambient conditions (a gel time expressed in hours).
Poly(urethanes) can be obtained as single and two-part formulations. These usually work by 
reaction of an isocyanate with hydroxide groups. Isocyanates can present processing problems 
as they are hazardous materials. The reaction evolves C 0 2 and can occur with moisture. This 
does mean it may be able to act as a scavenger as well as a repair material. W ithout diluents, 
these materials are viscous.
Acrylics exhibit lower viscosities than epoxides or poly(urethanes) and are the basis of many 
rapidly curing adhesive formulations. They tend to be more tolerant of certain conditions than 
epoxides, for example oily surfaces, which may give them an advantage in the repair of an 
epoxide. They are generally more volatile than the other materials mentioned, which can pose 
a problem from a health and safety perspective but once encapsulated this would be removed. 
Curing (polymerisation) can be triggered in a number of ways and acrylics are commonly used 
as both one and two-part adhesives. One-part formulations are usually cured via a free radical
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reaction (or sometimes anionic), whereas two-part systems cure via an addition polymerisation, 
much like epoxides. Free-radical initiation is usually brought about by the scission of a peroxide 
based initiator [77].
Cyanoacrylates are best known as the primary ingredient of Superglues, usually as methyl or 
ethyl cyanoacrylate. These are noted for their rapid polymerisation rate, which in the presence 
of slightly basic conditions (Lewis base) can be a matter of seconds. These conditions can be 
found on many surfaces, such as metals or skin through the presence of oxides and moisture. 
As such they usually do not require an initiator though in certain applications, initiators in the 
form of a substrate primer are used. The ease with which these materials polymerise is well 
known and presents a challenge with regards to encapsulation of the monomer. The polymer 
is noted for its poor heat stability [99,100] and thus one possible route to encapsulation is to 
use the polymer and depolymerise it at a later stage (most likely after addition of capsules to 
an adhesive).
A large number of materials can be chosen from these categories as candidates for this 
application and a selection of epoxides, acrylates and cyanoacrylates were considered (see 
Table 4.1). Poly(urethanes) have been ruled out due to limited prior experience of these 
systems and the potential health and safety implications of working with isocyanates.
After consideration of the relative merits of each materials, three were selected for 
encapsulation as repair phases:
• methyl methacrylate (MMA);
• 2-ethyl hexyl methacrylate (2-EHMA);
• 2-ethyl cyanoacrylate (ECA).
The benefits of these materials are that they are of different chemical make-up than the epoxide 
matrix, do not require two reactive components, exhibit relatively low viscosity and can be used 
as single-part systems.
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Resin Curative/Second component Comments
DGEBA
e.g. Epikote 828
Aliphatic ether amine 
e.g Jeffamine D230
Two component system. 
Dissimilar viscosities. 
Identical to matrix adhesive.
Methyl methacrylate none Used in SVA programme. 
May require initiation.
2-ethyl hexyl methacrylate none Used in SVA programme. 
May require initiation.
tertiary-butyl aminoethyl 
metharylate
none Used in SVA programme. 
Requires initiation to 
polymerise through C=C, 
otherwise can react through 
amino group
methyl cyanoacrylate none Rapid cure, sensitive to 
moisture
2-ethyl cyanoacrylate 
e.g. Permabond C1
none Rapid cure, sensitive to 
moisture
Table 4.1: Candidate repair phases
Methacrylates are also noted for their tolerance to slightly contaminated surfaces owing to their 
ability to dissolve light hydrocarbons. Previous experience with MMA and 2-EHMA [4] indicated 
that they are miscible with the epoxide-amine system identified for the primary matrix, though 
their ability to diffuse through the cured adhesive was not quantified. Polymerisation of these 
materials may require an activator to initiate the free-radical process. Should an activator be 
included, it should not be dispersed through the adhesive, as polymerisation should be 
restricted to the surface region. Surface application of the activator is possible (e.g. Permabond 
F241) i.e. it can be used like, or as part of, a primer.
Methyl methacrylate polymerises to form a polymer of high Tg, varying from ~105°C (atactic) 
to ~130°C (syndiotactic) which is similar to the post-cured Tg of the matrix adhesive (~1Q0°C 
[4]). Furthermore it is a relatively small molecule compared to the other candidates given in 
Table 4.1, which should enable a reasonable diffusion rate. The major concern of using MMA 
rests in its low volatility, suggesting that molecules that reach an exposed edge of the joint will 
be readily lost.
2-ethyl hexyl methacrylate exhibits a number of different properties to MMA. The monomer has 
a lower volatility and is a larger molecule (and thus may be expected to show a lower diffusion
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rate). The polymer exhibits a Tg of approximately -20°C and would therefore be expected to 
form a flexible repair domain, which maybe of benefit where the defect has arisen through 
stress damage, though this is also liable to result in a large modulus difference between the two 
adhesive phases.
2-ethyl cyanoacrylate is not noted for its use as a structural adhesive and it can be a difficult 
material to handle owing to the ease with which polymerisation can be initiated in a normal 
laboratory environment. The ease with which it can be polymerised is positive as it should 
require no specific activator. Its rapid cure rate should allow for relatively instantaneous repair 
once diffusion has occurred. A major concern is over the ability of the ECA to remain as a 
monomer during diffusion through the matrix, which may contain residual basicity in the form  
of amino groups of the curing agent. The degree to which these may affect the monomer 
diffusing through the matrix is not clear however and therefore a 2-ethyl cyanoacrylate material 
has been selected. This material has also been used in microsphere form to demonstrate repair 
potential.
4.4 Selection of encapsulant materials
Encapsulant selection must be based on considerations of the nature of the encapsulate, the 
preparation route and the desired trigger.
As the microparticles are likely to be stored in one adhesive component, the encapsulant 
material must be stable with respect to that component over a long time period. The 
encapsulant must be resilient to mixing forces and the elevated temperatures that may be 
experienced during cure of the primary adhesive. It must remain inert to these components and 
the encapsulate during this time. Furthermore the particles must remain dispersed to ensure 
a good distribution of the repair phase throughout the bond-line.
The encapsulant must respond to the appropriate trigger, ideally releasing material at a steady 
rate until exhausted. A reversible trigger i.e. on/off release, would enhance the lifetime of the 
joint.
A thermal release, where the particle is activated by heating the bond-line sufficiently to melt, 
depolymerise or otherwise impair the containment performance of the encapsulant is one
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approach which could be considered. However, this process is not ideal as it requires 
estimation of level of degradation; is a one-shot process; may give rise to damage to the bond- 
line through thermal stress and requires active intervention. It is not envisaged that this process 
is used in an LCA system, however thermal depolymerisation of microspheres was investigated 
as a means of demonstrating the diffusion and repair potential of EGA.
A constant release mechanism is sometimes used in drug delivery applications where the active 
ingredient is steadily released over a period of time, allowing long-term controlled doses to be 
given without repeated delivery. The capsules are rendered porous by their surroundings 
(usually liquid), initiating release which then continues until exhausted. Multiple doses can be 
achieved using multi walled capsules, which erode over time.
The favoured approach for an LCA is a modified form of the constant release. If an encapsulant 
can be employed which responds to the presence of moisture, then release could be tailored 
to occur when conditions are favourable for degradation. Response may be through 
degradation, dissolution or swelling/plasticisation of the encapsulant material. Any of these 
processes would have the effect of allowing diffusion of the encapsulate into the adhesive.
There are a number of polymeric materials that are capable of reacting to moisture in a 
potentially suitable manner. Two identified as candidates for this study are gelatin and poly(vinyl 
alcohol) (PVOH). These are water soluble to varying degrees and also show a degree of 
swelling.
Gelatin has been used in several encapsulation processes, especially coacervation and 
emulsion solvent evaporation or extraction techniques. In complex coacervation techniques it 
is usually used with acacia (gum arabic) to form a cross-linked, insoluble material. It is ideal for 
pharmaceutical use as it is biodegradable and non-hazardous in the body. Its water solubility 
removes the need for more expensive solvents, which may carry a risk if trapped in the final 
product. Another class of materials that can adsorb significant amounts of moisture are the 
polyamides, which can be readily formed via an interfacial polymerisation.
Poly(vinyl alcohol) (PVOH) is also water soluble, though generally in fairly small amounts. The 
solubility is dependant on molecular weight and the amount of acetate groups in the polymer. 
These acetate groups are a by-product of the preparation technique, where poly(vinyl acetate)
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(PVA) is subjected to alcoholysis (i.e. the conversion of -0 -C (0)C H 3 groups to -OH) by reaction 
with methanol or ethanol [89]. As with most polymers, PVOH is available in a range of molecular 
weights, but it is also supplied in varying degrees of conversion, that is, by the percentage of 
acetate groups converted to hydroxyls. A degree of conversion of 88% represents a maximum 
in water solubility, but is commercially supplied in a ranged product of 87-89%..Other commonly 
available degrees of conversion are 96 and 99%, the latter being almost insoluble. This is due 
to increasing degree of internal hydrogen bonding that takes place at higher conversion levels, 
which inhibits water binding to the hydroxyl groups [101]. PVOH will however absorb moisture 
readily, which swells the polymer.
4.5 Selection of encapsulation techniques
The choice of encapsulation techniques is complicated as each technique has advantages 
according to the physical nature of the encapsulate (solid or liquid), the chemistry of the 
encapsulant and the morphology required. Equipment considerations have also played a part 
in the selection of techniques.
Spray drying, spinning disc and co-extrusion have all been excluded due to the specialised 
nature or large scale of the equipment required to carry out these techniques. All other 
techniques have been considered for use for each of the encapsulates selected in Section 4.3 
and the encapsulants identified in Section 4.4. The selected processes were coacervation, 
emulsion-solvent evaporation (ESEV), emulsion-solvent extraction (ESEX) and interfaciai 
polymerisation.
Coacervation was identified as a suitable technique for the attempted encapsulation of all three 
repair phases using gelatin, acacia and poly(viny) alcohol) as encapsulants (the former two as 
a mix). The advantages of this process were identified as its popularity, the number of variations 
possible and the use of an aqueous encapsulant solution as the continuous phase.
Emulsion-solvent techniques were also identified for use with PVOH. As the process is not 
suited to liquid cores, only the encapsulation of poly(2-ethyl cyanoacrylate) (PECA) was 
attempted. This technique was chosen for the perceived ease with which it could be performed, 
though solvent selection was complicated by the poor range of solvents for the encapsulant.
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Interfacial polymerisation was identified as a potential means of encapsulating liquid repair 
phases, utilising a polyamide based capsule wall as these materials are noted for their moisture 
adsorption, as is seen with nylons.
4.6 Proposed materials and encapsulation routes
From the above discussion, a simple experimental plan is proposed and presented in Table 4.2. 
This gives the repair phase, encapsuiant and proposed technique to be attempted.
Repair
Phase
Encapsulant Technique Comments
MMA Gelatin and Acacia Coacervation
(complex)
MMA Acyl chloride and 
polyamine
Interfacial
polymerisation
2-EHMA Gelatin and Acacia Coacervation
(complex)
2-EHMA Acyl chloride and 
polyamine
Interfacial
polymerisation
ECA Poly(vinyl alcohol) Emulsion-solvent
extraction
Encapsulation of monomer, ECA, or 
polymer (PECA)
ECA Poly(vinyl alcohol) Emulsion-solvent
evaporation
Encapsulation of monomer, ECA, or 
polymer (PECA)
Table 4.2: Proposed encapsulation routes and materials
4.7 Analytical techniques
4.7.1 Introduction
A number of analytical techniques have been employed in this study to analyse raw materials 
and products. This section presents background to these techniques and the instrumentation 
used. The analytical techniques used can be split into four categories:
• vibrational spectroscopy;
• thermo and thermomechanical;
• microscopy;
• surface studies.
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4.7.2 Vibrational spectroscopy
Two techniques have been employed in this investigation - ultraviolet-visible (UV-vis) and 
Fourier transform infra-red (FTIR).
4.7.2.1 UV-visible spectroscopy
UV-vis spectroscopy operates by exciting electrons in the molecular orbitals (MO) of a 
molecule. Photons of UV and visible light are of sufficient energy to excite an electron to the 
extent where it can move from one orbital to another. The exact energy of these transitions is 
dependent on the environment of the electron and thus the bond being excited. Therefore the 
wavelength of UV-vis radiation absorbed by a molecule can be related to specific electronic 
transitions within the orbital structure of that molecule.
According to molecular orbital theory, a number of orbitals exist of varying energy, representing 
the bonds within a molecule. A pair of molecular orbitals exist for each bond between two 
atoms. For example, a single covalent bond between two atoms (e.g. C-C) will have two MO’s. 
The first of these is the bonding orbital, simply represented by the symbol, a, which has an 
energy of -E. The second is the anti-bonding orbital, denoted a*, of energy +E. The magnitude 
of +E and -E are numerically equivalent.
A double bond, such as in a carbonyl (C=0), consists of a a and a tt bond. MOs exist for each, 
denoted a, a*, tt and u*.The tt bonding orbital is of lower energy than a and so tt* is of higher 
energy than a*.
Another MO of importance to UV-vis spectroscopy is the non-bonding (n) orbital. These are 
filled by non-bonding electrons and have a relative energy of zero. Electrons, such as the lone 
pairs on oxygen and nitrogen will fill these orbitals and thus they are of relevance to the study 
of organic molecules such as ketones and pyrroles. As the n orbital lies at the mid-point 
between the transition from a bonding to anti-bonding orbital, a transition from n-orbital to rr*- 
orbital (denoted n ->tt*) requires half the energy of tt -»tt*. These transitions do occur, but are 
not favourable (commonly referred to as “forbidden”) because an excited system will try and 
preserve some form of symmetry (from an energy perspective).
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Figure 4.1 is a representation of the MO structure for a double-bonded system with a lone pair 
of electrons such as the carbonyl group. The left hand diagram represents the bond in its 
ground state, while the right hand side shows the transition of one electron to an anti-bonding 
orbital.
Figure 4.1: MO representation of n-bonding orbital
The application of UV spectroscopy is limited by the fact that many transitions in organic 
molecules are of too short a wavelength to be easily detected, a -»a* transitions occur below 
the wavelength threshold (i.e. <190nm) and even many species with unsaturation cannot be 
analysed. Its real value is where conjugation exists - i.e. the molecule is resonance stabilised, 
e.g. benzene, 1.3-butadiene. In these cases, t t  and t t * orbitals are sub-divided into further 
MO’s, allowing for smaller energy jumps and therefore increasing absorption wavelength.
The MO structure is further complicated by the environment in which the molecule exists. 
Functional groups with electrophilic and nucleophilic properties affect the electron density of the 
molecule (e.g. presence of a halogen atom) and thus alter the energies of molecular orbitals. 
Solvents will also alter the energy of MO’s. For example a ketone dissolved in a hydrogen
85
Selection of materials and techniques
bonding solvent will see an increase in the wavelength of the n-»TT* absorbance as the energy 
of the molecular orbitals is shifted to a lower energy (the orbital is stabilised). This shift occurs 
to varying degrees i.e. the solvent will not shift all MO’s by the same amount, and thus the 
energy gap between them can be decreased, so that the magnitude of energy of an anti­
bonding orbital may be less than that of its paired bonding orbital.
While this form of spectroscopy is not as useful in the identification of unknown compounds as 
other spectroscopy techniques, such as infra-red, it has two clear advantages. Firstly it is a 
useful tool in the study of conjugated systems. Conjugation in organic molecules is a primary 
source of colour (e.g. (3-Carotine in vegetables) and thus its study is important in bio- and colour 
chemistry. Its ability to observe conjugation can be used to aid in the elucidation of structural 
information that is not easily obtainable from other spectroscopic techniques. Secondly, UV-vis 
spectra are quantitative and absorption follows the Beer-Lambert law (Equation 4.1), relating 
absorption of radiation to concentration of the absorbant.
where log Iq/I is the absorbance (l0 is the incident intensity and I the transmitted intensity), c, 
sample concentration; I the path length of the sample and e the molar absorptivity. The latter 
is a constant specific to a compound at a particular wavelength and can be determined through 
the use of standards of known concentration of that material. This is usually done to determine 
e at Amax (wavelength at maximum absorption). The concentration of subsequent samples can 
thus be determined.
A useful practical advantage of UV-vis spectroscopy over infra-red is that UV is not heavily 
absorbed by silica or water. The use of glass cuvettes is common and analyses can be 
performed on aqueous solutions. It is primarily for this reason that UV-vis spectroscopy has 
been selected for this study. It is sufficiently rapid to allow for repeated scans to be performed 
in a short period of time, allowing for a concentration profile to be collated.
A sample to be analysed is first diluted or dispersed in a suitable solvent, to a concentration in
Equation 4.1
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the region of 0.1 g dm'3. This is placed in a UV-transparent cell (or cuvette) of known path 
length. This is placed in the beam path and background light excluded. A reference cuvette of 
the same grade is prepared by filling with the sample solvent and is placed in the reference 
beam. Solvent selection is based upon the obvious need to dissolve the sample but also on the 
transparency of the solvent to the wavelengths in use. Data on common solvents is readily 
available in the literature with their wavelength limits. Common solvents for UV-vis are water 
(distilled), methanol and hexane as these are transparent down to 191, 203 and 201 nm 
respectively [102]. Scan range, speed and other parameters are set, usually through a PC 
interface. The resulting scan is typically plotted as absorbance (no units) versus wavelength (in 
nanometres).
UV-vis spectroscopy in this study was carried out on a Perkin-Elmer Lambda 2 spectrometer 
with a PC for machine control and data collection. The spectrometer uses deuterium and 
tungsten lamps as radiation sources. Reference data is automatically subtracted from sample 
data during a run. Generally scans were carried out from 500 to 190nm (scans always start 
from the highest wavelength and decrease, effectively plotting from right to left).
4.7.2.2 Infrared spectroscopy
The energy of photons in the IR region of the EM spectrum are similar to the energy of various 
vibrational motions of many covalent bonds. Infra-red (IR) spectroscopy uses IR radiation of 
wavelengths between 2.5 and 16//m to excite a molecular sample and observe the wavelengths 
absorbed by the molecule. The absorption of specific wavelengths, A, are characteristic of the 
bond or bonds being excited and is a function of the atoms connected, bond length and the 
degree of bonding (e.g. single or double).
IR spectroscopy is a common analytical technique and is covered in detail in many 
spectroscopic and chemistry textbooks [102,103]. This section provides a brief summary of the 
theory and instrumentation.
A covalent bond can undergo a number of vibrational motions. These are determined by its 
geometry and the nature of the bond. Motion stimulated by IR can be localised to a specific 
bond or can be a “molecule-wide” process. Localised vibrations fall into two categories - 
separated into stretching and deformation motions. As a rule stretching vibrations are of higher
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energy than deformation. Figure 4.2 shows possible vibrational motions of a -CH2- system.
Figure 4.2a: Stretching - Symmetric and
Asymmetric
Figure 4.2b: Deformation (in-plane) - 
Scissoring and Hocking
Figure 4.2c: Deformation (out-of-plane) - 
Twisting and wagging
Whole molecule vibrations involve a similar range of vibrations but applied across a molecule 
and as such they produce a complicated series of absorptions. Absorption due to localised 
motions are more useful than artefacts of molecule-wide processes as this information is 
directly related to the different groups in the molecule and can therefore be used to identify the 
functionality of a compound. Molecule-wide vibrations are however sometimes used as a 
“finger-print” for a specific molecule, allowing identification if comparison spectra are available.
As localised vibrations are specific to a particular bond, vibrations associated with an -NH2 
group for example, will absorb at a different wavelength to those from a -CH2-. Using this 
example, a stretching vibration N-H will be of shorter wavelength than that for the C-H as the
8 8
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former is of higher energy.
Infra-red spectra are presented as a plot of transmission (T) or absorbance (A) versus 
wavenumber (p,). Transmission is given as percentage while absorbance is dimensionless. 
Wavenumber is simply the reciprocal wavelength and is given in units of cm*1 for convenience. 
A higher wavenumber therefore equates to a higher energy of vibration.
As a number of stretching and deforming modes exist, it is rare for a group to give rise to a 
single absorption. Rather these vibrations will give a series of absorptions. The difference in 
energies tend to be relatively small, especially between modes of the same type of vibration, 
and subsequently, it is common to see two or more absorptions overlapping, forming multiple 
peaks or shoulders.
The association of one bond with another i.e through hydrogen bonding, resonance stabilisation 
or electron donation/withdrawal, all effect the strength and length of the bond and thus the 
absorption, p. For example a hydroxl group, -OH that undergoes hydrogen bonding with a 
suitable species, will have an increased bond length and lower energy. In spectroscopic terms 
this bonding lowers the absorption, broadens the region in which it occurs and generally 
increases its intensity. It is possible in some systems to obtain both a sharper non-associated 
(“monomeric”) absorption and the H-bonding broadened band (“polymeric”).
IR spectroscopy is an extremely useful tool in structure determination of organic compounds, 
especially with regard to identifying the functional groups of a molecule. It is also widely used 
as a quality control technique as it is relatively rapid and sample preparation is simple, unlike 
other structural characterisation techniques such as mass spectroscopy (MS) and nuclear 
magnetic resonance (NMR). It is possible to analyse gases, liquids and solids.
As IR absorption is primarily a function of bond vibration energies and secondly of the 
surrounding environment, quantitative data is not generally available. The major limitation of IR 
spectroscopy is that certain chemicals absorb over too broad a region and too high an intensity 
to be used satisfactorily. Silica is one such material, but more limiting in terms of solution 
studies is water. As well as a very broad and intense absorption it is also a solvent for many of 
the IR transparent salts used as specimen substrates, such as potassium bromide (KBr).
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IR spectroscopy commonly uses the mid-IR region, approximately 2.5x1 O'5 to 2x1 O'4 m. This 
equates to p, values between 4,000 cm’1 and 500 cm'1. Near and far infra-red are used in more 
specialist applications. Modern IR spectrometers use a Fourier transform methodology to 
enable rapid data collection, allowing scans to be performed in a matter of minutes. 
Spectrometer set up depends on the nature of the analysis being performed but transmission 
is the most common method and will be discussed here. In a transmission experiment, two IR 
beams are generated from the same source, one specimen beam and one reference beam. 
While the specimen beam is passed through the sample, the reference beam passes through 
air. Each beam follows the same path length.
The specimen is supported in the beam path by an IR transparent substrate. KBr has already 
been noted as such a material and is the most commonly used. Gases can be analysed by 
placing in a vessel with IR-transparent windows at either end to allow the beam to pass through, 
whereas liquids can be sandwiched between two KBr discs. Special liquid cells exist, 
incorporating the KBr discs in an arrangement whereby they are clamped by a frame. The 
frame also allows for the introduction of the liquid without having to dismantle and handle the 
discs. A complex series of mirrors are used to focus the beams and direct them towards the 
detector.
A number of methods exist for the analysis of solids. If the solid exists in a suitable form, a thin 
slice can be removed, e.g. by microtoming, and sandwiched between two KBr discs with a small 
amount of a mull, such as a liquid paraffin to ensure exclusion of air. Alternately if the material 
exists as a fine powder it can be incorporated into KBr powder and pressed to form a new disc. 
Similarly a powder can be analysed using a technique known as diffuse reflectance infrared 
Fourier transform (DRIFT), by taking a small amount of powdered sample and mixing it with KBr 
powder. These powders are then ground finely using a pestle and mortar to obtain relatively 
uniform grain sizes and transferred to a small aluminium metal dish and placed so that the 
beam is reflected into it from above (i.e. perpendicular) to the surface of the sample. IR 
radiation is then reflected back and collected by a concave mirror which focuses it on to another 
mirror, eventually passing to the detector. This technique is useful for solids which cannot easily 
be cut or cast into a thin enough section for conventional scanning or cannot be satisfactorily 
dissolved for liquid IR.
Two spectrometers have been used for this work: a Perkin-Elmer 2000 and a Bomem MB-100.
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All solids and liquids were scanned in transmission using KBr plates, except for PECA powders 
which were analysed by DRIFT.
4.7.3 Thermoanalytical techniques
Thermoanalytical techniques are invaluable in property determination of materials. There are 
a number of techniques available, the three most common of which have been used in this 
study and are discussed here. These techniques are differential scanning calorimetry (DSC), 
thermo-gravimetric analysis (TGA) and dynamic mechanical thermal analysis (DMTA).
4.7.3.1 Differential scanning calorimetry
DSC is a purely thermal technique which observes the enthalpy changes in a material specimen 
subjected to thermal conditioning, in either the static (i.e. isothermal) or dynamic (i.e. ramping) 
mode. Enthalpic changes can be caused by chemical or physical transitions, for example cross- 
linking in a polymer or melting.
A DSC imposes either a controlled rate of temperature change (i.e. a ramp) or a fixed 
temperature on a sample chamber. This chamber, or cell, consists of two heating discs, usually 
constructed of constantan (an alloy consisting predominately of nickel and copper). Each disc 
incorporates a thermocouple and resistance heaters to monitor and adjust temperature. The 
specimen is placed on one of these discs, while the other acts as the reference. Power input 
to the sample and reference is initially identical, but if the sample undergoes a chemical or 
physical process, its temperature will change in relation to the reference. The DSC 
automatically adjusts the power to the sample disc heaters to maintain the same temperature 
as the reference. The resulting variation in current supplied to the sample heater is measured 
and heat flow calculated. The heat flow is plotted against temperature or time.
As a specimen undergoes an enthalpic change, the heat flow difference between sample and 
reference will- become negative or positive according to the nature of the process. A positive 
heat flow change indicates an exothermic process undergone by the sample, for example the 
curing of an epoxide-amine mixture. Conversely negative change is an endothermic process 
and may represent a glass transition or melting.
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DSC ceils are usually purged to ensure that processes are not obscured or altered by oxidation 
of the sample and to remove volatile materials that may otherwise deposit in the cell. Nitrogen 
and argon are two commonly used gases for this purpose.
DSC requires a small mass of the sample, typically 5-20mg, making it particularly suitable 
where material is at a premium. It is a useful technique for various material types, such as 
polymers, metals and ceramics and is a popular method for the determination of the glass 
transition, Tgi of polymers.
There are two drawbacks to DSC when analysing polymers however. Firstly, transitions such 
as Tg are the result of processes unique to viscoelastic materials and are dependant on the 
mechanical state of the sample i.e. the loading. As such Tg is not an absolute property in the 
same sense as a melting point. Secondly many polymers, especially thermosets, can exhibit 
other relaxation related transitions when heated. Many of these materials undergo a process 
called physical ageing, whereby low energy working of the specimen gives rise to 
entanglements of the polymer chains and side groups. These entanglements relax upon 
heating, often at a temperature at, or just below, the Tg. On a DSC trace, this relaxation is 
visible as an endothermic process, resulting in a dip or trough in the baseline. A Tg usually 
appears as a step change, relatively small in comparison to relaxation of the chains and thus 
tends to be obscured. The conventional method of overcoming this has been to run the sample 
twice, the first run relaxing these entanglements, while the second would resolve the Tg. The 
value thus obtained may not be the “true” Tg as above this transition, it is common for many 
thermoset polymers to exhibit post-cure as residual functional groups gain the required mobility 
to react with each other and develop longer polymer chains or cross-links, resulting in a stiffer, 
higher Tg, material. The initial scan will also melt crystalline regions, which when cooled, may 
not recrystallise to the same degree or in the same manner and thus is no longer representative 
of the initial sample.
A newer version of DSC, known as Modulated DSC (MDSC), has appeared which exploits the 
fact that thermal transitions can be described as reversing or non-reversing, where reversing 
processes can be observed repeatedly on heating and cooling the material while non-reversing 
processes can not. For example1, a sample can be heated through its Tg, then cooled back 
down. When cooling it will pass through its Tg again. If analysed by DSC, the Tg can be 
repeatedly observed by heating or cooling the sample. If, however the process being observed
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is a chemical reaction, for example oxidation of the sample, the process is observed on the 
initial scan. Subsequent thermal ramps will not detect the process. Reversing processes include 
transitions (Tg, Tp, etc.), crystallisation and melting, while non-reversing processes include 
chemical reactions and physical ageing. MDSC imposes a sinusoidal modulation on the heating 
rate of the sample. The overall heating rate will still follow a linear ramp, but the variations in 
specimen temperature from the theoretical temperature will be within an amplitude specified by 
the sinusoidal rate. In this way a process is effectively passed through more than once and thus 
reversing and non-reversing processes are separated. Experimentally a trace from an MDSC 
experiment consists of two heat flow plots - one for reversing and one for non-reversing. 
Summation of these yields a conventional heat flow trace, such as shown in Figure 4.3..
in this study DSC experiments - modulated and conventional - have been carried out on a TA  
Instruments 2920 MDSC with a Refrigerated Cooling System (RCS) for achieving sub-ambient 
temperatures (to -50°C). Nitrogen has been used as the purge gas for the DSC cell. All samples 
were contained in aluminium pans with crimped lids.
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4.7.3.2 Thermogravimetric analysis
TGA records changes in mass of a sample under a controlled temperature profile and is 
therefore used to monitor processes which result in a change of mass, for example, 
degradation, oxidation and de-gassing. A TGA instrument is essentially a two-pan 
microbalance. The sample pan is suspended in a tube furnace. This is incorporated into a semi­
sealed glass vessel which can be purged (usually with dry nitrogen or argon) if oxygen 
exclusion is required. The purge also acts to remove degradation products which might 
otherwise coat parts of the furnace or balance mechanism. The reference pan is enclosed in 
a separate area of the balance. The imposed temperature profile can be isothermal or a ramp, 
the latter usually performed by heating. Data is plotted as percentage mass versus time 
(isothermal) or temperature (ramped). TGA uses a similar amount of sample material as DSC 
and is a useful technique for studying many liquid and solid materials. Polymer specimens are 
analysed to observe degradation reactions, out-gassing, or even as a method of determining 
fluid uptake (e.g. water). In this study, it has been used to assess thermal stability and 
behaviour of microparticles and aid in their characterisation. An example trace is shown in 
Figure 4.4.
Figure 4.4: TGA mass loss trace of gelatin
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4,7.3.3 Dynamic mechanical thermal analysis (DMTA)
DMTA is a thermomechanical technique which subjects the specimen to a dynamic stress, 
usually sinusoidal, while controlling its temperature and measures the material’s response.
Many polymers display a degree of viscoelasticity and therefore the modulus, E*, of the material 
is a sum of the storage modulus, E’, (a measure of the ability of the material to store energy) 
and the loss modulus, E” , (a measure of the energy dissipated due to flow within the polymer) 
as expressed in Equation 4.2, below. The storage modulus represents the response of the 
material that is in-phase with the applied stress, while conversely the loss modulus represents 
that portion that is out-of-phase.
Equation 4.2
So for a non-viscoelastic material, the dynamic modulus is the storage modulus, until plastic 
deformation is reached. Figure 4.5 shows a phase diagram for the application of the sinusoidal 
stress and response of the polymer. The distance between peaks of the applied stress and the 
strain is known as the loss angle (or phase lag angle), denoted 8 and is related to E’ through 
Equation 4.3:
tan 8 - E l  E Equation 4.3
The results of a DMTA are generally presented as the logarithm of the storage modulus (log 
E’) or the loss tangent (tan 8), against temperature or time. Typical curves for a thermosetting 
polymer are shown in Figure 4.6.
When a polymer passes through its Tg, the loss angle changes and tan 8 reaches a maximum 
while the materials transition to a more rubbery state is seen with a drop in E’ by two or three 
orders of magnitude, visually apparent as a step change. It is common to determine Tg as either 
the maximum in tan 8 or the inflexion of the modulus step change. In this case this gives a 
value of 131°C by the former approach and 128°C by the latter.
;k   t  It
E = E + E i
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DMTA is capable of observing the behaviour of blended materials. For example, the 
incorporation of a rubber-toughening agent into a thermoplastic usually results in a specimen 
consisting of a primary matrix of the thermoplastic with discreet domains of rubber. If the rubber 
toughening agent is to successfully perform its role, it must be “bonded” to the matrix resin - i.e. 
the rubber particle polymers must interact with the matrix polymers - to allow transference of 
stress to the rubber. DMTA allows this to be ascertained, for if these interactions are present, 
the applied stress is experienced by the rubber phase and thus a response is observed. A Tg 
for each phase present will appear. The degree of miscibility of two blended polymers can also 
be analysed. If two polymers are completely miscible, the storage modulus trace obtained will 
be an average of the E’ traces for the component polymers. An immiscible system will exhibit 
the same behaviour as the “dominant” polymer, though this varies with temperature. A partially 
miscible system will follow a more or less straight line, equidistant from those traces of the 
individual polymers.
Most analyser heads are capable of deforming a specimen in a number of geometries: shear, 
bending, tension and torsion and can be used on numerous lower modulus specimens such as 
rubbers and thermoplastic elastomers (TPE’s), glassy polymers, fibres and films. More 
specialised analysers allow for the testing of metallic and ceramic materials.
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Temperature (°C)
Figure 4.6: DMT A plot for Hysol-Dexter EA9628U - an uncarried DGEBA film adhesive
which had been cured at 120°C for 90 minutes
DMTA is often considered in competition to DSC, but both techniques have a number of 
advantages the other cannot match. DMTA requires geometrically defined samples of known 
regular dimensions and significantly greater volume of material. DSC scans can be performed 
much more rapidly - partially as a function of a faster temperature increase of the sample, but 
also the nature of the analysis technique. Temperature ramps tend to be carried out at rates 
of up to 3°C min'1, while DSC can be run at 3 or more times this rate without significant loss of 
resolution. Neither can DMTA relay information on many chemical processes, such as 
oxidation, unless this results in a noticeable change in dynamic properties (for example a 
change in modulus due to embrittlement or plasticisation).
However, it is the ability of DMTA to apply a variety of loading rates and geometries to a 
specimen and determine mechanical properties that makes it suitable to many applications.
DMTA experiments in this project have been carried out on a Polymer Laboratories Mkll 
system. Specimens have been analysed in bending or shear mode.
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4.7.4 Microscopy
Optical microscopy was used in this study to characterise microparticles and was performed 
with a Buehler stereo-microscope with a Polaroid photographic attachment for obtaining 
photographic images.
4.7.5 Surface energy
The relevance of surface energy to adhesion has been discussed in Chapter 2. Determination 
of the surface energy of a solid is commonly achieved by performing a series of contact angle 
measurements on the surface. A number of liquids of known surface tension and their polar and 
dispersive composition i.e. Ylv> Yi.vd and Ylvp ara selected.
Drops of each of these liquids are made on a flat horizontal plane of the solid. These drops are 
small, say 1//I in volume, usually applied from a syringe. The angle of contact between the drop 
and the solid is the contact angle, 0, and was shown in Figure 2.1. 0 is observed either through 
a monocular eye-piece with a graduated scale, like a protractor, or perhaps by projecting an 
image of the drop onto a screen. In more high technological systems, the image is caught by 
digital camera and transferred to a computer where the image can be recalled for analysis, 
either manually or through software routines. The advantage of the latter is that the angle can 
be determined within milliseconds of the drop being applied, thus removing errors due to drop 
distortion from, say adsorption into the surface. By repeatedly adding to the drop in small 
increments, it is possible to expand the drop and generate a number of measurements from the 
same region of the sample. There are limits to the size of drop that can be measured without 
introducing error from gravitational distortion. 10//I is usually considered the limit.
These angles are obtained as a result of the liquid advancing across the solid surface i.e. 
wetting the surface and thus known as advancing angles, 0A or 0adv. The importance of these 
angles is seen when the reverse is attempted, that is, the drop is diminished so that the liquid 
front recedes - the receding angle, 0R or 0rec. Experimentally, measurement of 0R can be 
difficult, especially when performed manually. As liquid is withdrawn from the drop - a tricky 
operation with a syringe - the liquid does not always recede, but rather the depth of the drop 
is reduced. Assuming 0R can be determined, comparison between it and 0A yields some
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information on the surface. W here 0R ~GA the surface is usually homogeneous in make-up, 
regular and clean. An example of such a surface is seen when water is applied to a flame- 
cleaned borosilicate glass slide (such as a microscope cover-slip). When 0R < 0A, however, the 
surface is displaying a degree of heterogeneity, which may be due to an irregular surface, 
impurities on the surface (e.g. finger grease) or chemically diverse regions of the polymer. This 
phenomenon is known as contact angle hysteresis.
Figure 4.7: Fowkes plot for surface energy determination of biphenyl: 0  bromo- 
naphthalene, ■  diiodomethane, ■  dimethyl sulphoxide, ■  distilled water
The values of 0R and 0A are used to obtain the equilibrium contact angle, 0E. This value lies 
between the two, but is often assumed to be the average for convenience. This data is used 
with the liquids’ surface tension values in Equation 2.11 to yield an expression with two 
unknowns - yps and y ds. If a series of such expressions are prepared - i.e. a number of different 
liquids - the unknowns can be determined by plotting a Fowkes plot where yds then becomes 
the intercept and yps the gradient. An example of such a plot is given in Figure 4.7, where four 
test liquids have been used to determine ys components for biphenyl wax (yds = 38.44mJ m'2, 
yps = 0.07mJ m'2, ys = 38.51 mJ nrr2).
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Contact angles are limited by the nature of the surface under test. The most common situations 
to be avoided are:
• curved surfaces - will alter the angle made between liquid and solid;
• uneven surfaces - kinetic hinderance to advancing or receding of the liquid;
• porous surface - absorption of the test liquid;
• dissolution - solvation of the solid.
Some of the complexities of contact angle measurement can be removed by automation. The 
use of video camera and computer analysis to capture and analysis the drop image can provide 
more accurate data. By taking a rapid sequence of images, changes in behaviour of the droplet 
with time (even over a few milliseconds) can be determined.
Applying the liquid in this manner - the Sessile drop method - is not the only way of determining 
contact angles. In the Wilhelmy plate method, a rectangular plate of the solid under test (regular 
parallel sides, small thickness) is suspended from a microbalance arm and immersed and then 
withdrawn from a volume of test liquid at a controlled rate. The force exerted on the plate by the 
liquid surface tension and buoyancy is thus measured and plotted against the displacement of 
the plate. The force acting on the plate is correlated to the contact angle by the relationship in 
Equation 4.4. The immersion cycle represents the advancing of the liquid on the substrate and 
data obtained from this is therefore used to determine 0A. Similarly the withdrawal of the plate 
yields data for 0R. This approach is commonly automated using a Dynamic Contact Angle 
Analyser. A Cahn DCA-322 (Cahn Inc., USA) was employed in this study.
4.8 Concluding remarks
The selection criteria for the different aspects of the task were presented and discussed. A 
number of materials were identified for use as encapsuiants, encapsulates and model adhesive. 
The merits of the various encapsulation processes described in Chapter 3 were also considered 
and a number of techniques selected for use with the identified materials. These techniques 
and materials were used in the work detailed in Chapter 5 and Chapter 6. The former describes 
the experiments undertaken to produce solid cores of PECA for encapsulation and 
incorporation, while the latter describes the development of encapsulated species.
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Chapter 5 - Preparation of poly(2-ethyl cyanoacrylate)
microspheres
5.1 Introduction
This chapter details the preparation of poly(2-ethyi cyanoacrylate) (PECA) microspheres. 2- 
ethyl cyanoacrylate was identified in Chapter 4 as a potential repair phase, but difficulties in 
handling the monomer were recognised. To avoid these difficulties, it was envisaged that 
microspheres of the polymer would be prepared and encapsulated. These cores would then be 
converted to monomer at a later stage through thermal depolymerisation. It was also planned 
to employ microspheres as a simplified material for initial incorporation studies ^ described in 
Chapter 8) and to assess the ease with which poly(2-ethyl cyanoacrylate) could be 
depolymerised in-situ and its subsequent behaviour.
5.2 Preparation of PECA microspheres
5.2.1 Background
2-ethyl cyanoacrylate is easily polymerised through the action of a weak base. Such behaviour 
is exploited in its use as the primary component of most superglues. The adhesive is applied 
to a surface, where a layer of moisture, present on many surfaces, acts as the weak base.
Polymerisation proceeds via an anionic process [42]. A number of criteria for PECA
microspheres were defined for the current project:
• particles must be resilient towards handling and mixing processes;
• particles should approximate to spheres.
In Chapter 4, a capsule size of ~100//m or less was identified as suitable for inclusion in 
structural adhesive bond-lines. Microsphere cores will therefore need to be less than 100pm. 
Shell thickness achievable using the processes and materials identified in that chapter are not 
known, but a guideline microsphere diameter of 75pm was selected. This will allow for shell 
thicknesses of up to 12.5pm without exceeding the 100/ym target capsule size. Microspheres 
will need to be strong enough to undergo encapsulation and incorporation into an adhesive. The
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shape of the microspheres formed will affect how well particles are wetted by the encapsulating 
phase or adhesive. Irregular shapes will prevent uniform encapsulation and may result in air 
entrapment. If microspheres are incorporated directly into the adhesive, the void left on 
depolymerisation and subsequent diffusion will include sharp edged boundaries which may act 
as stress concentrators.
Two routes were proposed by which PECA microspheres would be manufactured, dispersion 
of monomer in water and dispersion of monomer in a strong base. The former study consisted 
of several variations.
All experiments were performed in triplicate, measurements and observations were performed 
on products from all experiments.
5.2.2 Preparation by dispersion in water
W hile a small layer of moisture on a suitable substrate is enough to initiate rapid polymerisation 
of 2-ethyl cyanoacrylate when used for bonding, the process is retarded to a degree in bulk 
water, taking minutes as opposed to seconds. This allows monomer droplets to form in a 
volume of water prior to polymerisation and is the basis for the dispersion in water techniques 
detailed below.
Three variations of the dispersion in water approach were attempted, these being:
• dispersion in water;
• dispersion in acidified solutions;
• dispersion in water with surfactant.
Method 1 - dispersion in water
50ml of distilled water was stirred using a magnetic hot-plate and PTFE coated bar while 
approximately 2ml of ECA monomer (C1 adhesive, Permabond, UK) was added drop-wise 
through a Pasteur pipette. Stirring was maintained for approximately 15 minutes and the 
resultant particles recovered by filtration. This was achieved under gravity through Whatman 
41 grade filter paper.
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This method resulted in rapidly polymerised particles of diameters greater than 1mm and 
irregular geometry. Particle size distribution was quite broad. Optical microscopy indicated the 
agglomeration of a number of particles while the irregular nature of the product suggested that 
monomer dispersion was insufficient prior to polymerisation.
Subsequent methods aimed at improving dispersion by increasing time between addition and 
polymerisation or the addition of a dispersing aid. All experiments were replicated at least three 
times.
Method 2 - dispersion in acidified solutions
Acidification was used as a means of retarding the polymerisation process. The effect of a low 
pH (i.e. acidic) on the polymerisation time of 2-ethyl cyanoacrylate was assessed using various 
concentrations of two acids, ethanoic and sulphuric, as compared with unadjusted distilled 
water.
Three concentrations of each acid were used, making a total of 7 test solutions. Ethanoic acid 
was used at 0.1, 0.2 and 1M concentrations while sulphuric acid was used at 0.1, 0.5 and 1M 
concentrations. Each set of solutions were prepared by diluting 1M ethanoic acid solution 
(Sigma-Aldrich) and concentrated sulphuric acid (Merck) with a specific gravity of 1.84 
(approximately 18 molar) respectively with distilled water.
40 ml of the relevant test acid was placed in a Pyrex beaker and stirred using a magnetic stirrer 
plate and bar. Approximately 0.5 ml of ECA was added drop-wise using a Pasteur pipette. An 
electronic stopwatch was then started to determine polymerisation time, judged to have elapsed 
when droplets were observed to have turned opaque. This is unlikely to represent complete 
polymerisation, but once the surface of a droplet has polymerised, the size and geometry of 
these particles is fixed. pH was monitored using a 3025 meter (Jencons) and BDH Gelplas 
probe (Merck). Polymerisation times and pH values are given in Table 5.1 as the average of 
three replicate experiments.
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Solution Concentration
[M]
pH Polymerisation time 
(seconds)
Distilled water n/a 7.1 5
Ethanoic 0.1 3 25
Ethanoic 0.2 2.9 30
Ethanoic 1 2.5 25
Sulphuric 0.1 1.2 480
Sulphuric 0.5 0.7 Unknown
Sulphuric 1 0.3 Unknown
Table 5.1: Polymerisation time as a function of acid and acid concentration
Ethanoic acid had a small effect on the polymerisation time of ECA, equating to approximately 
30 seconds while pH varied from 3 to 2.5. Sulphuric acid had a more profound effect as the 
droplets were no longer visible after some time, reappearing in the 0.1 M solution after a few  
minutes as opaque particles. At higher concentrations, however, no particles were visible until 
stirring ceased, at which point, a fine powder began to settle out.
These solutions were observed over a number of days. Ethanoic acid appears to stabilise the 
suspension of PECA particles as, while solid particles in the control and sulphuric acid systems 
settled out within 12 hours, higher concentration ethanoic acid solutions lasted for up to 48 
hours and 0.1 M solution remained suspended for 7 days.
Method 3 - dispersion in water with surfactant
A series of six surfactants, selected from laboratory stocks, were screened for their ability to 
improve the dispersion of monomer in water. These were predominately non-ionic in nature:
Bri] 35 (Sigma-Aldrich)
Bri] 52 (Sigma-Aldrich)
Tween 60 (Sigma-Aldrich)
Sodium Dodecyl Sulphate (SDS) (Sigma-Aldrich) 
Synperonic N. (Merck)
Nonidet P40 (Merck)
- non-ionic
- non-ionic
- non-ionic
- anionic
- non-ionic
- non-ionic
In each case, a solution of surfactant in distilled water was prepared, using approximately 0.3g 
of surfactant, dissolved in 40ml of distilled water. 0.5ml of ECA monomer was added from a 
Pasteur pipette and dispersed using a magnetic stirrer and PTFE coated bar. Stirring was
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continued for 45 minutes after addition of the monomer. Visual observations were made during 
this period and particles recovered by filtration were observed by optical microscopy. Tween 60 
and Brij 35 formed fine dispersions almost immediately which remained stable over the 
observation period. SDS formed an opaque solution in which no individual particles could be 
seen by the eye. The other surfactants tended to generate a surface layer of ECA which 
polymerised rapidly to yield a film. Where these did generate small particles, they tended to 
agglomerate.
SDS, Tween 60 and Brij 35 experiments were all repeated using an overhead stirrer (RW16, 
IKA). This was employed to reduce the likelihood of crushing any particulates that may settle 
and it enabled agitation speed to be accurately set. These experiments were performed at 
500rpm in a scaled up volume of 200ml to accommodate the stirrer. A number of Polaroid 
images were made of recovered products.
Figure 5.1: PEC A particles prepared from SDS solution, agitated at 500rpm
Figure 5.1 shows particles recovered from an experiment with SDS as the surfactant. Particles 
can be seen to be quite angular and distorted in appearance. Particle sizes were defined by 
measuring the length in their longest axis. The lower central particle is typical of those observed 
in this product and is 775/vm in its longest axis. Figure 5.2 shows particles recovered from a Brij 
35 experiment. These are not truly spherical but nevertheless are not as angular as those in
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Figure 5.1. The bottom centre particle is representative of these particles at a longest axis of 
~525/ym. Tween 60 behaved in a similar manner to Brij 35. The latter was therefore selected 
for further study as a greater supply was available. Further study consisted of altering the 
stirring speed to see what effect, if any, this would have on the process (Table 5.2). While it 
may be expected that greater agitation could help break up monomer droplets, it may also lead 
to a greater degree of damage to solidifying particles.
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Figure 5.2: PECA particles prepared from Brij 35 solution, agitated at 500rpm
Stirring speed (rpm) Size (//m) Image ID
500 275-650 Figure 5.2
1,000 200-500 Figure 5.3
1,500 120-450 Figure 5.4
Table 5.2: Changes in morphology with increasing stirring speed.
It was observed that increasing stirring speed reduced the size of particles obtained, but the 
distribution was still large. Furthermore the presence of a number of angular fragments (Figure 
5.4) was observed in the product obtained from dispersion at 1,500rpm.
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Figure 5.3: PECA particles from Brij 35 solution, agitated at 1,000rpm
Figure 5.4: PECA particles prepared from Brij 35 solution, agitated at 1,500rpm
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5.2.3 Dispersion in a strong base
This method was used solely for the preparation of PECA microparticles for incorporation into 
an adhesive matrix. It did not result in spheroidal particles as desired for encapsulation 
purposes but was a rapid technique for preparing small PECA particles.
20ml of methanol (Sigma-Aldrich) was placed in a beaker and ECA added drop-wise. The 
cyanoacrylate rapidly polymerised on contact, forming a block. The solid was removed, allowed 
to dry in air and ground into a fine powder using a pestle and mortar. The powder was 
separated into several size fractions for incorporation using graded sieves. Particles were 
obtained from <63pm to about 300//m.
Optical microscopy indicated that these particles were angular and highly irregular, making 
them poorly suited to encapsulation work. The process, does however allow for the rapid 
formation of microparticles for incorporation studies and thermal analysis.
5.3 Analysis
Microspheres of PECA can be readily prepared by dispersing monomer in water, as long as the
continuous phase can be adjusted in some manner. This was achieved by either improving 
dispersion through the use of a surfactant, or retarding polymerisation by lowering pH. Brij 35 
was identified as a suitable surfactant and ethanoic acid, a suitable retarding agent. Particles 
with diameters as low as 120//m could be achieved, but with a wide size distribution.
5.4 Discussion
Surfactants and acidification of the continuous phase enabled the formation of smaller, more 
regular microparticles of PECA, in comparison to simply dispersing in water. Increasing stirring 
speed was also found to aid in the production of smaller microspheres. However, the target size 
of less than 100//m was not achieved, though these microspheres would still be used as cores 
for encapsulation experiments, as described in the following chapter.
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Chapter 6 - Encapsulation of repair materials
6.1 Introduction
This chapter describes the encapsulation experiments undertaken in an effort to prepare a 
contained repair phase, suitable for incorporation into an adhesive resin. The encapsulation 
techniques identified in Chapter 4 were employed, as was a modified technique which has been 
referred to as in-situ encapsulation. The encapsulation of each of the three repair phases 
(methyl methacrylate (MMA), 2-ethyl hexyl methacrylate (2-EHMA) and 2-ethyl cyanoacrylate 
(ECA)) are described in the following sections.
6.2 Encapsulation of methyl methacrylate
6.2.1 Coacervation
A complex coacervation method utilising gelatin and acacia to encapsulate a wax was reported 
by Ijichi et a / [56]. The article provided a good description of the process and was used in this 
programme to develop experience of this type of encapsulation technique. It was then modified 
to attempt the encapsulation of MMA. The process as reported was used to encapsulate 
biphenyl, an aromatic wax. Coacervation is initiated by a change in pH and temperature. The 
methodology is summarised below:
i molten biphenyl was dispersed in 125 ml of 3% w/v aqueous gelatin (Ge) solution at 
75°C, using a revolution rate of 5 s'1 (300rpm).
ii 125 mi of 3% w/v aqueous acacia (Ac) solution was added to the gelatin solution and 
allowed to mix thoroughly.
iii solution pH was adjusted to 4.0 by the addition of 0.1 M ethanoic acid and the 
temperature slowly lowered to 5°C.
iv cross-linking was promoted by addition of 1 ml of 30 wt% aqueous formamide solution 
and adjustment of the pH to 9.0 by the addition of 10 w/v% aqueous sodium hydroxide 
solution.
v temperature was raised to 50°C and the mixture stirred for 1 hour.
vi capsules were filtered; rinsed with water and vacuum dried at room temperature.
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Particles formed by this process were recovered and dried in air. The solid particles were 
agglomerated, possibly due to the presence of residual water swelling the gelatin-acacia shells, 
as vacuum drying was not employed. Samples of the product were observed under an optical 
microscope and regular, well defined particles with diameters between 450 to 1,200//m were 
observed (Figure 6.1). The presence of smaller, less regular particles was noted, but these 
appeared to be gelatin-acacia fragments.
Figure 6.1: Microcapsule of biphenyl in Ge-Ac shell
The presence of biphenyl in these particles was demonstrated by analysing samples using U V- 
Vis spectroscopy. Samples of these capsules were immersed in 1 -butanol in a quartz cell with 
a path length of 1 cm. This solvent dissolves biphenyl but neither of the encapsulates. Scanning 
was performed against a reference of solvent and indicated the development of a distinctive 
signal within a few minutes.
The coacervation process described above was modified in an attempt to encapsulate MMA, 
by replacing biphenyl with the acrylic monomer. Stirring at 300rpm proved insufficient to 
disperse the encapsulate, so the speed was increased to 500rpm. In all other respects the 
process was followed as described above. The continuous phase was turbid during the 
coacervation stages, but on cessation of stirring, no particulates were visible. An aliquot of 
material was removed for filtration, while the remainder of the continuous phase was allowed 
to cool. Filtration resulted in the collection of solid material which visually appeared to be gelatin
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and acacia. Oily droplets were observed in the filtrate and a strong odour, indicative of methyl 
methacrylate was noted. These droplets were verified as MMA by FTIR, implying that the MM A 
had not been successfully encapsulated. An oily phase was also observed to settle out in the 
bulk mixture. The remaining solution gelled over the course of several hours to form a rubbery 
volume in the reaction vessel. The turbidity of the continuous phase implies that the formation 
of coacervate droplets did occur. These subsequently appear to have failed to settle on the 
MMA droplets. The gelation of the aqueous phase implied that cross-linking had not occurred. 
The failure of the coacervate droplets to adhere to the MMA surfaces may have been due to 
high shear forces acting on the droplets, these forces arising from high speeds required to keep 
MMA droplets dispersed. Repeated experiments gave the same result.
As agitation is thought to have contributed to the lack of successful coacervate-encapsulate 
droplet formation, reduced speeds were assessed in combination with a surfactant, Synperonic 
N. A combination of a stirring speed of 300rpm and 0.5w/v% of surfactant was found to 
disperse the monomer sufficiently. The process temperature, initially at 75°C to ensure biphenyl 
was in its molten state, was lowered to try and reduce vapour formation. A temperature of 50°C 
was found to be acceptable as this still allowed encapsulant solutions of 3w/v% to be used. 
Duplicate runs of the experiment using these modified dispersion and temperature conditions 
still did not yield a capsular product, but the separate encapsulate and encapsulant phases and 
a gelled continuous phase.
Shear forces on the encapsulate droplets may still be too high, preventing formation of stable 
droplet. However the apparent lack of cross-linking as evidenced by gelation of the continuous 
phase may also contribute to failure of the process as the encapsulants would remain soluble 
in the continuous phase when the temperature was raised. The failure of the cross-linking step 
may be due to solubility of formamide in MMA.
6.2.2 Interfacial polymerisation
Interfacial polymerisation was identified in Chapter 4 as a possible route to encapsulating 
methyl and 2-ethyl hexyl methacrylates. Both methacrylates are polar solvents and were 
therefore expected to be able to dissolve one of the two reactive materials required. As the 
process generally employs basic materials as one (or more) of the reactive species (for 
example, amines and hydroxides), it was not seen as suitable for encapsulation of 2-ethyl
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cyanoacrylate. Furthermore, 2-ethyl cyanoacrylate was found to be a poor solvent for the non- 
basic reactive species. If it was to be encapsulated via interfacial polymerisation therefore, a 
separate solvent would be required, which would then be liable to entrapment with encapsulated 
monomer.
Encapsulation of MMA in a polyamide shell was attempted using two different reaction pair 
combinations: isophthaloyl dichloride (Sigma-Aldrich) with a poly(oxypropyl diamine) (POPDA - 
Jeffamine D230, Huntsman) and isophthaloyl dichloride with diethylene triamine (DETA - 
Sigma-Aldrich). The first pair were expected to form a linear polymer with minimal branching 
(through secondary hydrogens). The use of DETA in place of POPDA was expected to form a 
more highly cross-linked polymer as DETA is capable of branching through the secondary 
amine group positioned at the midpoint of the chain (see Section A.3.1). Combination of the 
increased cross-linking, and the short chain length of DETA is likely to result in a less flexible 
polymer.
Acyl chlorides are sensitive to water, readily hydrolysing to form hydrochloric acid and 
carboxylic acid and were therefore included in the methyl methacrylate phase. An approximate 
stoichometric ratio of 1:1 between amine and acyl chloride was used, employing the following 
process:
i -5.6x1 O'3 moles isophthaloyl dichloride were dissolved in 5ml of methyl methacrylate to 
form the oil phase.
ii an equimolar amount of Jeffamine D230 was dissolved in 200ml of distilled water and 
cooled in a refrigerated water bath at ~0°C.
iii the oil phase was added drop-wise to the aqueous phase using a Pasteur pipette while 
the latter was stirred at 1 .OOOrprn using an overhead stirrer.
iv stirring was terminated 30 minutes after the addition of the oil phase and the mixture 
allowed to settle.
On addition of the oil phase to an aqueous solution of Jeffamine D230, a dispersion rapidly 
formed. Reaction of the components could be observed visually as the droplets appeared to 
whiten with formation of the polymer. With the end of agitation, a number of particles were 
visible, these appearing in two groups. One set floated to the top of the liquid phase while the 
second settled on the base of the reaction vessel. Both sets were recovered and dried
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separately by leaving in ambient atmosphere on filter paper over night. Particles had a broadly 
spherical appearance though some fragment particles were also noted. All specimens of 
recovered product were fragile, making handling difficult, and the distinctive odour of MMA was 
evident in each case. A number were removed from each set and crushed. Those from the 
decanted set were found to contain a liquid, this being confirmed as MMA by FTIR. Particles 
removed from the base of the reaction vessel were found to be empty. They are likely to have 
contained some liquid however, to have settled out in the continuous phase. Optical microscopy 
did not reveal any defects In these particles, and it is suggested therefore that any porosity 
exists on a fine scale. During the encapsulation process, MMA and continuous phase may have 
exchanged, allowing the particle density to rise sufficiently for it to settle out. The water was 
then lost during the subsequent drying in air, leaving visually empty capsules. On repeating the 
experiment with a shorter drying time (about two hours appeared to be sufficient to ensure the 
capsules were dry), crushed capsules from the settled sample were found to contain some 
liquid. It was also found that elevated drying temperatures could damage these particles. High 
temperature drying was initially performed at 70°C, but this resulted in particle discolouration 
and collapse. A number of other temperatures were considered and temperatures up to 40°C 
were found to be adequate.
The apparent auto-separation of MMA-containing and water-containing capsules may be 
explained by considering the density of the chemicals used. ECA has a density of 1.05g cm'3 
and thus solid spheres, or water containing capsules would be expected to settle out from a 
volume of water. MMA however has a density of ~0.94g cm*3, and thus sufficiently loaded 
capsules would float to the surface.
The cause of any porosity in some or all of these capsules was not clear, but it is suggested 
that it may have been the result of an insufficient amount of one or other of the reactants (with 
respect to the volume of encapsulate), resulting in some droplets with incomplete wall structure.
Repeating the process with DETA in place of Jeffamine D230 resulted in particles that were 
even more fragile, but with a greater yield of buoyant capsules. The fragility of these particles 
made recovery difficult, with large numbers of particles broken during filtration. In an effort to 
improve the shell strength, the stoichometry was changed to 1 part isophthaioyl dichloride with 
5 parts DETA. These particles were more resilient than those prepared with a 1 to 1 ratio, but 
were observed to be empty on crushing.
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6.2.3 In-situ encapsulation
The term in-situ encapsulation has been applied to a technique developed in the course of 
these studies, based upon interfacial polymerisation. It has employed ECA as the encapsulant, 
exploiting its propensity to rapidly polymerise. Chapter 5 described the preparation of PECA 
microspheres by dispersion in an aqueous environment. In a similar manner ECA is used to 
form PECA in an aqueous environment, but while it is partitioned from the aqueous phase by 
dissolution in an encapsulate. As with the interfacial process, polymerisation would be expected 
to occur at the surface of the droplet, where ECA molecules will come into contact with water, 
initiating the formation of the anionic 2-ethyl cyanoacrylate. Methyl methacrylate and 2-ethyl 
hexyl methacrylate are both capable of dissolving ECA monomer but not its polymer. The initial 
process employed was:
i ECA was dissolved in MM A to form a 50% by volume solution;
ii 1 mi of this solution was dispersed in 200ml distilled water by adding drop-wise while the 
latter was stirred at 600rpm;
iii stirring was continued for 15 minutes.
Particles were recovered by filtration and dried at ambient conditions on filter paper. The 
process yielded irregular spheroidal particles of a wide range of dimensions. Dimensions were 
measured using a profile projector (Nikon) along two axes, the first being the widest point of the 
particle and the second at right angles to this. This allowed the determination of an aspect ratio, 
though it ignores the 3rd axis. These measurements are given in Table 6.1, for preparations at 
600 and 800rpm, and are averages from three repeat runs for each set of experimental 
conditions.
Experiment no. Stirring speed (rpm) Average size (mm) Average Aspect ratio
1 600 1.39±0.77 0.77±0.26
2 800 2.07±1.20 0.86±0.08
Table 6.1: Particle sizes from in-situ encapsulation experiments
None of these particles appeared to contain a liquid, but rather appeared to be solid throughout 
and were appreciably tougher than microspheres formed and described in Chapter 5. As no
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separated liquid phase was observed in the water it is suggested that the MMA had:
• dissolved in the continuous phase;
• been incorporated into the polymer structure, possibly forming a co-polymer;
• formed well dispersed droplets throughout the particle;
• been adsorbed, possibly on the surface layers of the particles.
While MMA is slightly soluble in water, the volumes used were sufficient for excess to be seen 
by eye. Polymerisation of MMA usually requires the presence of a catalyst and/or heat, UV or 
similar activation to initiate the process, often through a free radical process. It can however 
polymerise anionically i.e. in the same manner as EGA. The polymerisation of the latter 
monomer may have, therefore been sufficient to initiate polymerisation of MMA. If it has formed 
discreet droplets throughout the particle, rather than a reservoir core, it would not necessarily 
be visible even under optical microcopy. Likewise, adsorbed surface layers would not be 
observed.
The change in bulk strength of the particles in comparison to those described in Chapter 5 
would indicate that MMA has co-polymerised or altered the polymerisation path of ECA.
Two analyses were performed to determine the location of MMA. UV-Visible spectroscopy was 
used to determine whether the MMA was present with the recovered particles, but not 
chemically bound to the PECA structure. If the MMA had co-polymerised, it would not be 
removed from the particle by immersion in a miscible solvent and thus could not be detected. 
Conversely, it was assumed that the MMA was adsorbed on the particle surface or present 
within domains in the PECA, it would be leeched out and detected.
Methanol was selected as the solvent since it does not dissolve PECA and is miscible with 
MMA. Furthermore it is a good solvent for UV spectroscopy as it absorbs below 200nm. High 
grade methanol (99.5%, Sigma-Aidrich) was used. Analysis was carried out using a Lambda 
2 UV-Vis spectrometer (Perkin-Elmer) with silica cuvettes. All scans were performed from 500 
to 190nm at a rate of 4nm s'1 and were repeated at timed intervals.
A single PECA microsphere, prepared without the presence of methyl methacrylate was 
analysed as a control. The resulting trace was flat, indicating that no other species were
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present. In order to determine the location of the primary absorption of MMA {Xmax), a solution 
of MMA in methanol was prepared. 1//I of MMA was dissolved in 100ml of methanol and the 
mixture analysed, determining Amax =205nm. Analysis of particles from these encapsulation 
experiments indicates the presence of MMA as the large absorption in the spectrum in Figure 
6.2.
This result suggests that some of the MMA at least is associated with the particles, but not 
exclusively, if at all, in a chemically bound form. Further analysis of these capsules was 
performed by thermal analysis, as described in Chapter 7.
X (nm)
Figure 6.2: Detection of MMA from in-situ encapsulation product
6.2.4 Summary
Encapsulation of MMA was achieved via an interfacial polymerisation route, but the fragility and 
low thermal stability of the particles implied they would not be readily incorporated into an 
adhesive. Polyamides are noted for their ability to absorb moisture and thus these capsules 
may have been suitable for the moisture triggered release mechanism, if their fragility could be 
overcome.
In-situ encapsulation appeared to have produced PECA microspheres incorporating MMA, 
though not as a visually distinct phase. The presence of MMA was determined by UV
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spectroscopy. The toughness of these particles has been appreciably altered by the presence 
of MMA, through either copolymerisation with ECA or modification of the ECA polymerisation.
Coacervation was not successful, due to either the action of stirring on the dispersed droplets 
and/or disruption of the cross-linking reaction between gelatin and acacia.
6.3 Encapsulation of 2-ethyl hexyl methacrylate
6.3.1 Coacervation
The complex coacervation process described in Section 6.2.1 for MMA was also attempted 
using 2-EHMA. Repeated experiments failed to produce an encapsulated product. The same 
problems were encountered with monomer separating to the surface on cessation of stirring 
and the coacervate materials (gelatin and acacia) remaining in solution, eventually forming a 
gelled phase.
6.3.2 In-situ encapsulation
In-situ encapsulation experiments were based on those performed with MMA as described in 
Section 6.2.3 and repeated using an elevated stirring speed of 800rpm. Each experiment was 
performed in triplicate. Dimensions and aspect ratios determined are tabulated in Table 6.2. A 
number of particles were crushed and, unlike experiments using MMA, these particles released 
a liquid and were observed to be capsular in nature. A small amount of the released liquid was 
analysed by FTIR. This confirmed that the liquid was 2-EHMA.
Run ID Stirring speed (rpm) Average Size (mm) Average Aspect Ratio
1 600 1.51 ±0.65 0.91
2 800 1.31 ±0.51 0.94
Table 6.2: Dimensional data from in-situ encapsulation of 2-EHMA
Capsules sizes were large, though the aspect ratios obtained were closer to unity than those 
recovered using MMA. Further experiments were carried out in an effort to improve the particle 
size, geometry and monomer loading. A number of parameters were varied to achieve this, as
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listed below.
• the ratio of methacrylate monomer to ECA was varied.
• the stirring speed of the water was varied. Speeds of 600, 800 and 1,500rpm were 
Investigated using the overhead stirrer. Further experiments were performed using an 
Ultraturrex homogeniser (i.e. high speed shear mixer) at 11,000rpm.
• the size of the dropping aperture was varied. The use of pipette sizes of 0 .3 ,0 .6  and 1.6 
mm outside diameter were investigated.
• the nozzle position was altered, so that it was placed under the surface of the 
continuous phase.
• a non-ionic surfactant (Brij 35, Sigma-Aidrich) was added to the water.
By increasing the percentage of 2-EHMA in the feed mixture, it was hoped that the storage 
capacity of capsules could be increased. Particle size is related to the droplet size formed by 
the feed mixture. Two approaches were used in attempting to reduce the feed droplet sizes. 
First, the diameter of the dropping aperture was varied to form smaller feed droplets prior to 
mixing. Second, stirring speeds were increased to reduce droplet size within the continuous 
phase prior to polymerisation of the cyanoacrylate. A surfactant was identified in the 
programme, as discussed in Chapters, to aid in the preparation of microspheres of PECA. The 
same surfactant, Brij 35, was incorporated into these experiments in an attempt to stabilise finer 
dispersions of the feed mixture.
Each of the experimental runs described in the following sections was performed in triplicate 
and the measurement results reflect this, specimens being taken from all three samples of 
product.
6.3.2.1 Effect of 2-EHMA Concentration
Mixtures of 50, 75 and 90% 2-EHMA by volume in ECA were prepared. In each case 1ml of 
each mixture was added drop-wise to separate stirred volumes of distilled water. All stirring was 
carried out at 600 rpm.
Particle dimensions are given in Table 6.3. Increased concentration of 2-EHMA resulted in 
particles of increasing fragility and a more translucent appearance. W hile particles prepared
118
Encapsulation of repair materials
from 75% solution were recovered with care, it was not possible to recover those prepared from  
90% solution. Many of these particles were damaged prior to recovery, possibly through 
impacts with each other and vessel walls and stirrer during the experiment. All particles were 
capsular, with a 2-EHMA core. Optical microscopy of 50 and 75% 2-EHMA showed the former 
to be more spherical in nature. Those prepared from 50% monomer appeared more “shrivelled” 
in appearance, similar to the surfaces seen for PECA microspheres in the previous chapter 
(e.g. Figure 5.3).
Run ID Concentration 2-EHMA
(%)
Average Size (mm) Average Aspect Ratio
1 50 1.51 ±0.65 0.91
3 75 1.50±0.61 0.75
4 90 too fragile - recovery and analysis not possible
Table 6.3: Dimensional data of particles prepared using various 2-EHMA:ECA ratios
6.3.2.2 Effect of stirring speed
Stirring speeds of 600, 800 and 1,500rpm were employed using the overhead stirrer, and 
11 .OOOrprn using a Ultraturrex homogeniser (IKA). Use of the latter enabled formation of the 
dispersion in a few seconds, and was therefore only employed for 10 second bursts. Particle 
sizes and geometries obtained are given in Table 6.4.
Run ID Stirring Speed (rpm) Average Size (mm) Average Aspect Ratio
1 600 1.51 ±0.65 0.91
2 800 1.31 ±0.51 0.94
5 1,500 Q.44±0.23 0.88
6 11,000 See text
Table 6.4: Dimensional data of particles prepared by variations in stirring speed
The results revealed a significant reduction in particle size with change in speed from 600 to 
1,500rpm, though this appeared to adversely affect the aspect ratio, as particles adopted an 
elongated form. It also resulted in a decrease in the regularity of the particles. All these particles 
were found to encapsulate 2-EHMA. The use of the homogeniser resulted in the formation of
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finer particulates, but these contained little or no 2-EHMA. Many particles in the homogenised 
experiments appeared elongated and fragmented.
G.3.2.3 Changes in size of the dropping aperture
Pasteur pipettes, as supplied from Merck, have a nominal outside diameter (OD) at the 
dropping aperture (or nozzle) end of 1.6mm. Two sets of these pipettes were modified by 
drawing the nozzle end to form smaller apertures. These had OD’s of 0.6 and 0.3 mm.
Changes in dropping aperture were assessed against different stirring speeds, the results of 
which are given in Table 6.5.
Run ID Stirring Speed 
(rpm)
Nozzle size (mm) Average Size 
(mm)
Average Aspect 
Ratio
1 600 1.6 1.51 ±0.65 0.91
7 0.6 0.73±0.29 0.89
8 0.3 See text
2 800 1.6 1.31 ±0.51 0.94
9 0.6 0.82±0.32 0.95
10 0.3 See text
5 1,500 1.6 0.44±0.23 0.88
11 0.3 See text
Table 6.5; Dimensional data of particles prepared by variations in dropping aperture size
In all cases, the use of 1.6 and 0.6mm OD nozzles were successful in producing liquid filled 
capsules. Furthermore 0.6mm nozzles were successful in reducing the size of the capsules 
formed, with little effect on the aspect ratio. The smaller 0.3mm nozzles were less successful 
however, as droplets often failed to penetrate the meniscus of the continuous phase, but 
formed a skin. Material that did enter the continuous phase formed irregular, almost flat 
particles, containing little or no liquid. Some of the surface film was pulled into the bulk by the 
action of the stirrer and may have contributed to the presence of flattish particles.
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6.3.2.4 Presence of a Surfactant
Brij 35 was used in an effort to improve dispersion of the droplets in combination with changes 
in speed, nozzle size and feed mixture. Dimensional data obtained is presented in the following 
sets of Tables 6.6 to 6.8 for those particles obtained using 50% 2-EHMA/ECA solution and 6.9 
and 6.10 using 75% solution.
Run ID Surfactant Nozzle Average Size 
(mm)
Average Aspect 
Ratio
1 No 1.6 1.51 ±0.65 0.91
12 Yes 1.6 1.06±0.21 0.89
7 No 0.6 0.73±0.29 0.89
13 Yes 0.6 0.35±0.20 0.89
Table 6.6: Dimensional data of capsules prepared with and without surfactant at 50% 2-
EHMA and 600 rpm
Run ID Surfactant Nozzle Average Size 
(mm)
Average Aspect 
Ratio
2 No 1.6 1.31 ±0.51 0.94
14 Yes 1.6 0.67±0.30 0.90
9 No 0.6 0.82±0.32 0.95
15 Yes 0.6 0.35±0.31 0.90
Table 6.7: Dimensional data of capsules prepared with and without surfactant at 50% 2-
EHMA and 800 rpm
Run ID Surfactant Nozzle Average Size 
(mm)
Average Aspect 
Ratio
5 No 1.6 0.44±0.23 0.88
23 Yes 1.6 0.42±0.25 0.85
Table 6.8: Dimensional data of capsules prepared with and without surfactant at 50% 2-
EHMA and 1,500 rpm
Results reveal a definite decrease in particle size with addition of Brij 35, though there still exists 
a wide distribution of particle size with the best obtained still above the maximum value of 
250jc/m. Capsules formed in combination with 0.6mm nozzles had a tendency to form clusters 
of particles, making recovery more difficult.
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There appear to be two effects of the surfactant on particles prepared from a 75% feed mixture. 
Firstly, without Brij 35, there are large number of fragment particles - these often look like 
pieces of a shell. The number of these is substantially reduced on the introduction of the 
surfactant and the resulting number of spheroidal particles increases. These spheroids are 
quite fragile and easily broken. Secondly, capsules produced without the surfactant appear to 
leak, suggesting that the walls are porous to 2-EHMA. This was observed by placing a number 
of capsules on a piece of filter paper in the bottom of a screw-cap jar. These were observed 
over an eight week period during which time the build up of liquid in the base of the jar was 
noted.
Run ID Surfactant Nozzle Average Size 
(mm)
Average Aspect 
Ratio
3 No 1.6 1.50±0.61 0.75
16 Yes 1.6 0.61 ±0.26 0.90
17 No 0.6 0.85±0.46 0.87
18 Yes 0.6 0.86±0.51 0.94
Table 6.9: Dimensional data of capsules prepared with and without surfactant at 75% 2-
EHMA and 600 rpm
Run ID Surfactant Nozzle Average Size 
(mm)
Average Aspect 
Ratio
19 No 1.6 0.58±0.20 0.93
20 Yes 1.6 too fragile to measure
21 No 0.6 0.53±0.29 0.93
22 Yes 0.6 1,09±0.47 0.88
Table 6.10: Dimensional data of capsules prepared with and without surfactant at 75% 2-
EHMA and 800 rpm
6.3.2.5 Placement of nozzle underwater
In all experiments, some material is lost as a film on the surface of the continuous phase. As 
mentioned above, this is particularly noticeable when using the smallest nozzles, where the 
majority of the feed mixture is lost during the addition stage. By placing the nozzle in the 
continuous phase, the meniscus would be avoided and film formation prevented. Difficulties 
were encountered in controlling the dropping rate and preventing water travelling up the pipette
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by capillary action. The latter had the effect of initiating polymerisation of the feed mixture prior 
to it reaching the end of the nozzle. In order to overcome this, compressed air was passed 
through the nozzle. This prevented the water ingress up the pipette and acted to propel the feed 
mixture into the continuous phase. However, new problems arose, as the mixture tended to 
stream rather than form distinct droplets, eventually polymerising as strings of material.
6.3.3 Summary
Coacervation was not successful with 2-EHMA and this was thought to be for the same reasons 
discussed previously for MMA (Section 6.2.4) i.e. high shear forces and no cross-linking of the 
encapsulants.
The apparent success of in-situ encapsulation precluded looking at interfacial encapsulation 
for 2-ethyl hexyl methacrylate. Capsules were formed in varying sizes and shapes, using this 
rapid technique however, even the smallest particles obtained were too large for incorporation 
into a real adhesive, but they will suffice for the purposes of this study. These experiments have 
shown that the dimensional properties of 2-EHMA capsules can be enhanced - that is, the size 
reduced - by a number of methods which can be combined to optimise the technique. 
Parameters allowing for enhancing the dispersion of the feed mixture were the presence of a 
surfactant, increasing stirring speed and the feed nozzle size. The most promising runs are 
identified and summarised in Table 6.11. A number of options exist for further work to improve 
the capsule geometry parameters, including a more extensive study of the feed mixture ratio. 
The large size distribution of particles formed via this process is primarily thought to be due to 
poor control of the feed rate. This could possibly be improved by using an automated dropping 
system or a pressured feed (e.g. compressed air), though initial experiments with the latter 
suggest that this will need refining. It may be aided by combining with the cure retardation work 
undertaken in Chapter 5.
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Run ID Surfactant Nozzle Speed (rpm) Average Size 
(mm)
Average Aspect 
Ratio
5 No 1.6 1,500 0.44±0.23 0.88
9 No 0.6 800 0.82±0.32 0.95
13 Yes 0.6 600 0.35±0.20 0.89
14 Yes 1.6 800 0.67±0.30 0.90
15 Yes 0.6 800 0.35±0.31 0.90
Table 6.11: Most promising in-situ encapsulation experiments and properties of capsules
formed.
Further analysis of the capsules formed using in-situ encapsulation has been performed to 
determine their stability, physically and chemically. These experiments are detailed in Chapter 
7, while the preliminary incorporation studies are described in Chapter 8.
6.4 Encapsulation of 2-ethyl cyanoacrylate
Three distinct techniques were used in an attempt to obtain ECA in capsule form. In all cases 
it is the polymer, PECA, that has been used as the encapsulate due to the difficulties in 
handling the monomer. As has been discussed elsewhere it is envisaged that the polymer can 
be depolymerised thermally at a later stage, making this approach viable as a potential repair 
component material.
6.4.1 Coacervation
The same process as has been described earlier for both methacrylate encapsulates was 
applied. The presence of an aqueous continuous phase prevented the use of ECA as the 
monomer and thus a stage was added whereby the ECA was dispersed in the gelatin solution 
prior to mixing of the gelatin and acacia solutions. Initial dispersion of the monomer was poor 
so Brij 35 was added to the gelatin solution.
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The modified procedure used was:
i Brij 35 (~0.25g) was dissolved in 125 ml of 3% w/v aqueous gelatin (Ge) solution at 
50°C, at a stirring speed of 5 s'1.
ii 0.5g of ECA was added dropwise to this solution, while the latter was continually stirred.
iii after at least 15 minutes, 125 mi of 3% w/v aqueous acacia (Ac) solution was added to 
the system and allowed to mix thoroughly.
iv solution pH was adjusted to 4.0 by the addition of 0.1 M ethanoic acid and the 
temperature slowly lowered to 5°C.
v cross-linking was promoted by addition of 1 ml of 30 wt% aqueous formamide solution 
and adjustment of the pH to 9.0 by the addition of 10 w/v% aqueous sodium hydroxide 
solution.
vi the temperature was raised to 50°C and the mixture stirred for 1 hour.
vii particles were recovered by filtration; rinsed with distilled water and vacuum dried at 
room temperature.
The process resulted in the recovery of solid particles in two forms - capsules and fragments. 
The particle in Figure 6.3 had a diameter of ~400//m and appeared to be an incomplete capsule 
- the arrow indicating the shell. Capsule yield was poor and many were incompletely 
encapsulated. Fragments were often angular and small and were identified as gelatin or acacia. 
When the encapsulation media was filtered, a film was formed, embedding the particles. 
Agglomerated particles were also observed, often in groups of about a dozen.
In an effort to avoid the generation of fragmented particles and formation of the film, repeat 
experiments were carried out using reduced concentrations of the encapsulants. Both gelatin 
and acacia solutions were prepared at 1.5wt%. Other quantities and the process remained 
unchanged. Recovered product was similar to that previously obtained, except that the 
incidence of fragment particles was reduced. Incompletely encapsulated particles were the 
most common recovered particle, appearing much as seen in Figure 6.3. Film formation was 
still observed however.
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Figure 6.3: Microparticle obtained by  coacervation of Ge-Ac with PEC A 
6.4.2 Emulsion-solvent evaporation
Emulsion-solvent evaporation (ESEV) experiments were conducted in an attempt to 
encapsulate PECA with poly(vinyl alcohol), PVOH. This method relied on the removal of 
encapsulant solvent by volatilising it. As water was used to dissolve PVOH, a number of higher 
alcohols were considered and 1-butanol selected on the basis of boiling point, safety 
considerations and availability. The choice was validated by dispersing water in 1 -butanol (at 
about 1:5 ratio), heating the dispersion and collecting the evaporate. The temperature was 
observed to stabilise around 83°C as the bulk of water was driven off. At the point where all the 
water was collected, about three times as much 1 -butanol had also been evaporated, indicating 
a large excess of the latter would be required. The encapsulation procedure was as follows:
i a saturated solution of PVOH (87-89% hydrolysis, Mwt = 13,000 - 23,000g mol'1 (Sigma 
Aldrich, UK)) in distilled water was prepared.
ii 0.5ml of ECA was added to 200ml PVOH solution and stirred for 15 minutes.
iii a 10ml aliquot of this solution was added to 100ml of 1 -butanol under continuous stirring.
iv this solution was heated gradually until it stabilised at 83°C.
v stirring was maintained until the temperature began to rise. This was taken as the point 
at which the water had largely been removed.
vi the continuous phase was then filtered to recover any solid product.
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Recovered particulates fell into two categories. The first category consisted of relatively large 
particles (some exceeding 500/ym) with the appearance of PECA microspheres, while the 
second consisted of small fragments with a relatively smooth surface appearance. Each 
category was thought to represent the two materials - encapsulate PECA and encapsulant 
PVOH . Film formation was also noted.
An alternative approach was used where the PECA cores were prepared using Method 3 as 
described in Chapter 4. These were then sieved to reduce the number of larger particles and 
increase the uniformity of particle size. 0.25g of microparticles (of diameters less than 1 50/yiti) 
were added in place of monomer, but otherwise the above process was followed. Figure 6.4 
shows a sample of product. The spherical particle in the bottom-left was approximately 10/ym 
in diameter and its surface appeared to be PVOH, while the patch above it and to the right 
consisted of a number of distinct spheroids and indistinct material, possibly PVOH film, as an 
agglomeration. This film was readily noticeable when recovering particulates as it adhered the 
particles to the filter paper. It was not clear whether these particles are capsules or not.
100pm
Figure 6.4: Specim en obtained from ESEV encapsulation
6.4.3 Emulsion-solvent extraction
The third approach to the encapsulation of PECA was through emulsion solvent extraction. As 
already described in Chapter 2, this process employs two solvents, one for the continuous 
phase and a second to dissolve the encapsulate. Initial experiments were carried out to assess 
the solubility of PVOH and PECA in a number of solvents. Where a solvent for PVOH was
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identified, the addition of non-solvents was carried out to identify concentrations required to 
precipitate PVOH from solution.
Few solvents were effective in dissolving PVOH, those that were being highly polar, such as 
water, dimethyl sulphoxide (DMSO) and N-methyl pyrrilidone (NMP). Water was selected as it 
is a non-solvent for PECA as well as being readily available. Furthermore, the addition of an 
excess volume of a lower alcohol such as methanol, ethanol or 2-propanol will precipitate PVOH 
from solution. The latter of these was selected as it precipitates PVOH from solution at lower 
concentrations than the other alcohols.
Encapsulation was attempted using the process given below and the solvents identified above.
i a saturated solution of PVOH in 50ml of distilled water was prepared using PVOH of 87- 
89% degree of hydrolysis and a molecular weight (MWt) of 13,000 - 23,000g mol'1 (Sigma 
Aldrich, UK).
ii 0.25g of PECA microspheres were added to the PVOH solution while the latter was 
stirred to form a dispersion.
iii 250ml of 2-propanoi was placed in a reaction vessel and maintained at a constant 
temperature of 30°C. It was agitated at 1,000 rpm using an overhead stirrer.
iv this dispersion of PECA in PVOH solution was added to the reaction vessel (still under 
rapid stirring) at a rate of approximately 1 ml s'1. This resulted in a final volume ratio of 
5:1.
v stirring was maintained overnight (not less than 12 hours).
vi the continuous phase was then filtered to recover solid product.
The liquid obtained after stirring was turbid, appearing to contain fine particulates, which were 
recovered via filtration and allowed to dry. A thin film was formed, in which several particles 
appeared to be embedded. Figures 6.5 and 6.6 are optical micrographs showing two forms 
exhibited by recovered particles. Figure 6.5 was of a hollow, broken shell, with an approximate 
diameter of 42//m. Figure 6.6 was from the same batch, but appeared complete, with ~100/vm 
diameter. Closer inspection of this particle was difficult, but showed the surface to have a 
broken appearance, much like that seen with PECA microspheres in Chapter 5.
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Figure 6.5: Particle recovered from ESEX process using PVOH and PECA
Figure 6.6: Particle recovered from ESEX process using PVOH and PECA
The use of lower concentrations of PVOH was explored in an attempt to reduce film formation. 
Saturated aqueous solutions of PVOH were diluted to form solutions of one-half and one- 
quarter initial concentration. Use of these solutions did not appreciably reduce film formation, 
but did result in an increase in the presence of incompletely encapsulated PECA particles, 
especially at the lowest concentration.
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6.4.4 Summary
Coacervation, Emulsion-Solvent Evaporation and Emulsion-Solvent Extraction were employed 
to encapsulate PECA with varying degrees of success. They were not sufficiently well 
developed to be useful in this study without further investigation. Problems encountered 
included incomplete coverage of core particles; film formation and removal of solvent from the 
encapsulant phase sufficient to avoid agglomeration.
Incomplete coverage is thought to be the result of poorly optimised encapsulant-encapsulate 
ratios and poor wetting of the core particles. The role of encapsulant concentration was 
demonstrated by reducing this in an effort to eliminate film formation - the incidence of 
incomplete coverage increased with no appreciable difference to the degree of film formation. 
Agglomeration was thought to result from residual solvent (specifically water) in the particles 
and may be avoided by better drying techniques e.g. solvent drying prior to filtration. This may 
also reduce the incidence of film formation.
6.5 Concluding remarks
While successful encapsulation of each of the potential repair materials has been achieved 
through a number of routes and to varying degrees, not all are deemed sufficiently advanced 
to allow for incorporation into the primary adhesive.
Methyl methacrylate was encapsulated using an interfacial polymerisation technique. The shell 
was prepared from a reaction between isophthaloyl dichloride and diethylene triamine (DETA). 
This technique was the least explored of those undertaken and the current state of progress 
is that yields are low, with many empty capsules produced . The particles were also brittle and 
therefore were not seen as practical for incorporation. The process may, with refinement, prove 
suitable as a method of storage and incorporation for this type of material if improvements can 
be made to shell strength and the yield can be increased. Initially optimisation will need to 
concentrate on changes to the reactive species, to enhance shell strength. The behaviour of 
the shell in response to the presence of moisture has also to be investigated.
In-situ encapsulation was developed in an effort to encapsulate MMA but without success. The 
process did however prove more effective in the preparation of 2-EHMA capsules. By using a
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monomer whose polymerisation is catalysed by the presence of the continuous phase, the 
complexities of two component reactions (e.g. ensuring correct stoichiometries) were avoided, 
though other factors have proved just as challenging. These experiments have generated the 
most useful products, though some refinement is required to address their large size.
Some success with the encapsulation of PECA using a water sensitive polymer was achieved, 
but not sufficiently to allow for incorporation into a model adhesive system. Yields, particle sizes 
and especially recovery all inhibited its exploitation. Investigation of the chemical modification 
of the encapsulant, specifically allowing for it be cross-linked as part of the encapsulation 
process, could aid in this process.
Capsules of PECA{2-EHMA} and PVOH{PECA) were analysed in more detail, as discussed in 
Chapter 7.
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Chapter 7 - Analysis of microspheres and microcapsules
7.1 Introduction
The three most promising products of Chapters 5 and 6 were selected for further analysis, 
though only two would eventually be used for the Incorporation work detailed in Chapter 8. The 
three systems were:
• PECA microspheres;
• PECA{2-EHMA} microcapsules;
• PVOH{PECA} microcapsules/particles
Analysis was performed to establish thermal and chemical stability of these particles with 
primary adhesive components and as an entity in themselves during mixing and curing. As the 
latter may occur at elevated temperatures, the thermal behaviour of these microparticles is also 
important.
While the preparation of PECA microspheres was initially undertaken to form cores for other 
encapsulation processes, they were also seen as a simplified approach to studying 
incorporation of microparticles into an adhesive where they have been employed to study the 
feasibility of in-situ de-polymerisation and assess the behaviour of a free monomer within the 
adhesive. Their use is particularly relevant to the incorporation of PECA-shell microcapsules.
The analyses consisted of five categories, by which this chapter has been organised.
ageing;
• thermal analysis;
• surface energy determination;
• chemical interactions;
• spectroscopy.
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7.2 Ageing
7.2.1 PECA{2-EHMA} microcapsules
Samples of these microcapsules were aged at ambient and elevated temperatures to assess 
their stability. Ambient ageing was performed on capsules produced by Runs 5, 9,13,14 and 
15 (as identified in Section 6.3.3). This was achieved by simply placing a few microcapsules of 
each run onto a piece of filter paper in a glass jar, which was then sealed. The jars were 
observed visually over an 8 week period. At the end of this time, the jars were opened and a 
number of capsules removed and crushed to observe their behaviour.
Visual observation revealed that Run 5 capsules were not stable, even at ambient conditions, 
as evidenced by the wet appearance of the filter paper in its jar, and later in the standing period, 
the presence of a liquid collecting in the base of the jars, though some capsules were still found 
to contain liquid. Other jars and filter papers were clear of liquid and their capsules found to still 
contain liquid.
Thermal ageing was performed on capsules from Run 13. A sample of ten capsules were 
placed in a specimen bottle and exposed to exposed to 100°C for 72 hours in an oven. An 
equivalent sample was kept at ~21 °C over the same period. After 72 hours, the heated sample 
was removed from the oven and allowed to cool. All capsules were crushed on a piece of filter 
paper to assess and the nature of each categorised as being liquid containing, hollow and solid 
core. This experiment was duplicated. Table 7.1 summarises the percentage of each category 
before and after ageing.
Exposure 
temperature (°C)
Observations
unaged liquid containing = 70%; hollow = 30%
100 liquid containing = 35%; hollow = 30%; solid core = 35%
Table 7.1: Observations of 2-EHMA in PECA capsules (Run 13) conditioned a t e levated
tem perature for ~72 hours
The yield of hollow capsules is significant, but does not change with thermal ageing, indicating 
that the capsule walls are stable at the elevated temperatures used. The solid core capsules 
were unique to the thermally aged condition, suggesting that the thermally initiated
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polymerisation of the methacrylate had taken place. These cores exhibited an pale yellow 
colour.
7.3 Thermal analysis
DSC and TGA analyses of a number of products were performed and are discussed below. The 
traces referred to in this section as Figures B.1 to B.7 are presented in Appendix B for clarity.. 
Ali analyses were performed in triplicate.
7.3.1 PECA microspheres
DSC and TGA were performed on specimens of PECA microspheres prepared as described 
in Section 5.2.2. Thermal conditions were a scan range of 0 to 200°C at 5°C min'1 for DSC and 
50 to 600°C at 40°C min'1 for TGA.
Three transitions were identified in the DSC trace (Figure B.1) - a step transition at 70.5°C, a 
small endotherm around 100°C and finally a large endotherm initiating around 150°C. TGA 
(Figure B.2) shows the majority of sample mass was loss in a single step with an onset 
temperature of 200°C. The DSC transitions were assigned as Tg (70.5°C); Tm (~100°C) and 
depolymerisation (TD) and subsequent evaporation of the monomer (>150°C).
In comparison, Tg and TD values reported elsewhere [87] were 133°C and 170°C respectively. 
That study used a commercially available cyanoacrylate adhesive formulation and may 
therefore have included a number of additives, such as stabilisers, cross-linking agents and 
bulking fillers, which may contribute to the higher transition values reported.
The modified microspheres prepared from ECA/MMA feed solution (Section 6.2.3) were also 
analysed by TGA (Figure B.3). These particles exhibited a degradation process with an onset 
temperature of 200°C, but accounting for 97% of the total mass. Evidently the possible 
copolymerisation of MMA has not lent any significant thermal stability. This is in agreement with 
other work where prepolymerisation mixes of ECA and MMA were prepared and used to form 
tensile butt joints which were tested at elevated temperatures with no appreciable improvement 
in joint strength [88].
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7.3.2 PECA{2-EHMA} microcapsules
A series of PECA{2EHMA} capsule products (Section 6.3.2) were analysed by DSC and TGA. 
Traces were obtained by analysing samples from Runs 5, 9, 13 and 14, under the same 
conditions as for PECA microspheres. All DSC traces are given in Figure B.4 and TGA traces 
in Figure B.5.
The behaviour of these capsules can be separated into two broad categories based on the DSC 
data. Run 5 data is close to that of a PECA microsphere (Figure B.1) across the temperature 
range, while the others deviate from this between approximately 100 and 130°C. This behaviour 
may be attributable to the loss of 2-EHMA i.e. the capsules have ruptured. The range of 
temperatures over which this has occurred may reflect the wide size range of capsules from this 
preparation. All these samples exhibited a two-stage mass loss under TGA test conditions - a 
smaller initial stage followed by the major loss stage. As shown in Table 7.2, Run 5 was again 
appreciably different in behaviour. Both the initial mass loss and the residual mass after the 
second loss step were relatively small in comparison to the other specimens. The similarity of 
Run 5 data to PECA microspheres agrees with the ambient ageing already performed, in which 
these capsules were observed to be leaky.
Experiment no. %  Mass loss %Residual mass 
at 350°C
First stage Second stage
5 5.5 90.1 4.4
9 34.0 48.5 17.5
13 16.4 65.7 17.9
14 13.9 71.2 14.9
Table 7.2: % m ass loss a s  determ ined b y  TGA analysis (Figure B.5)
Furthermore the second mass loss stage occurs at ~150°C (onset), comparable to the primary 
mass loss stage observed for PECA microspheres. Onset of this stage in the other samples is 
less readily determined owing to overlap of the two mass loss steps, but would appear to be 
slightly lower than this. The lack of a two-step mass loss with PECA microspheres suggests that 
the extra step is due to loss of 2-EHMA. This would therefore give an idea of the degree of 
monomer loading in the capsules.
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Run 5 capsules would therefore appear to have some residual monomer present. It was also 
noted that the tentative 2-EHMA mass loss step occurred over the temperature range 75-175°C 
and thus overlaps with the region in the DSC traces of Runs 9,13 and 14 identified with rupture 
and escape of 2-EHMA.
7.3.3 PVOH{PECA} microcapsules
DSC and TGA were performed on recovered material from the attempted PVOH-PECA 
emulsion-solvent extraction encapsulation techniques (Section 6.4.3). DSC was performed 
between 50 and 300°C, utilising a heating rate of 5°C min‘1 and TGA between 50 and 300°C 
at 40°C min*1. Neat PVOH was also analysed for comparison, using an extended range of 50 “ 
to 600°C for TGA.
PVOH{PECA} traces are given in Figures B.6 (DSC) and B.7 (TGA). PECA and PVOH traces 
are included for comparison. Little information was gleaned from DSC of the sample, with Tg 
of neither polymer visible. Tg of PVOH was determined as 68°C as shown in Figure B.6, 
compared with a literature value of 85°C [94] (differences may be due to presence of moisture). 
Depolymerisation of PECA and degradation of PVOH [95] are both known to occur above 
150°C, accounting for the large endotherm. Some variations in behaviour were seen in the TGA 
curves. PECA and PVOH{PECA} curves were broadly similar in appearance, having a large 
initial mass loss step, followed by a gradual loss of residual mass (which is <3% in the case of 
the capsules). The capsule curve was slightly displaced, onset and inflexion temperatures of 
the primary loss step were 10°C higher than PECA. The lack of a distinct loss stage that can 
be attributed to PVOH is attributed to the low mass thought to be present as indicated by the 
poor, thin coverage , of PECA particles observed by microscopy. The small increase in 
degradation temperature may be the result of thermal shielding of the PECA cores by the 
PVOH.
7.4 Surface energy determination
Surface energies were determined to predict the ability of two materials in contact to form a 
stable bond, by calculation of the Work of Adhesion parameter, WA. They have also been used 
to compare the microspheres formed from ECA and ECA/MMA feed mixtures.
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7.4.1 PECA
The surface energy, Ys« of the polymer was determined through measurement of contact 
angles, as described in Chapter 4. Of the two instruments available, the Dynamic Contact angle 
Analyser (DCA) was chosen. DCA measurements tend to be quicker and more reproducible 
than those performed on a goniometer because of the uniformity of the samples used and 
automation of contact angle measurement.
A number of specimen geometries can be used in conjunction with DCA, the simplest being the 
Wilhelmy plate - essentially a rectangular sample of negligible thickness in comparison to the 
width and length of the specimen. In order to accurately determine contact angles, specimens 
are required to be flat with parallel sides at right angles.
Two common approaches to preparing Wilhelmy plate specimens are preparing from bulk 
polymer and coating of a suitable substrate. Polymerisation of ECA in bulk is a slow process, 
hampered by the large surface area to volume ratio of the liquid and the need to use non-stick 
mould surfaces which will not absorb a significant amount of surface moisture. Bulk polymer 
preparation was also attempted through precipitation of the monomer from a solution. Dimethyl 
sulphoxide (DMSO) and benzyl alcohol were used as solvents for ECA, but precipitate from 
these solvents took the form of very fine particulates, which were weakly consolidated as the 
bulk. This was unsuitable for DCA work as cutting into a regular sample was difficult and the 
sample was porous to test liquids. The preparation of coated substrates was therefore 
attempted.
Previous experience of preparing coated substrate samples has shown that borosilicate glass 
microscope cover-slips are particularly suitable as substrates. These cover-slips were cleaned 
in a blue Bunsen flame to ensure a contamination free surface prior to application of the 
polymer. Polymer application was attempted via a number of methods to assess which 
generated the best quality film (as judged by visual observation):
• dip coating in monomer;
• dip coating in monomer followed by dip coating in a base;
• spin coating of monomer;
• spray coating of monomer.
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7.4.1.1 Dip coating
Flame cleaned slides were dipped in a volume of monomer and hung to allow curing. Hanging 
resulted in the collection of ECA at the base of the slide. This, when cured, formed an extremely 
weak area, liable to peeling off the slide. Optical microscopy revealed these areas to be formed 
from fine particulates as with bulk samples. Further attempts where made to dip coat and lay 
the sample flat, but these still resulted in areas of peeling polymer upon curing and made 
coating both sides simultaneously difficult.
7.4.1.2 Dip coating in monomer and base
Immediately following dipping of the slide into monomer, it was then immersed in methanol for 
a few seconds. A white colour developed on immersion, indicating polymerisation. Some areas 
did not polymerise completely and subsequently ran. This method failed to prevent the uneven 
build-up of polymer, resulting in the same peeling problems as were observed with simple dip 
coating.
7.4.1.3 Spin coating
Monomer was placed in the centre of a slide which was spun at 500rpm. The ECA flowed as 
a stream to the edge rather than wet the slide surface and was flung off in droplets. Relatively 
small areas were coated and these areas were characterised by ridges of solid on the glass 
surface.
Those areas successfully coated were visually transparent. Microscopic analysis shown the 
polymer to be a continuous mass, rather than the particulate phase seen in previous attempts. 
Repeated spin-coating of these slides was performed, but ECA preferentially coated the 
existing regions of polymer rather than glass.
7.4.1.4 Spray coating
Monomer was placed in a small plastic atomiser bottle and sprayed onto the glass surface while 
the latter was lain flat on a piece of cellophane. The monomer was allowed to polymerise for 
24 hours at room temperature and the process repeated on the other side.
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This resulted in a transparent layer of polymerised material. This layer was visually uneven and 
could be seen to include areas of poor or no coating. A second application was normally 
sufficient to complete the glass coating. While this did not improve the regularity of the surface, 
the polymer did not develop the white colouring indicative of consolidated polymer grains. This 
was the most promising preparation procedure are was used to prepare a number of samples 
for analysis.
Contact angles were determined with a DCA-322 (Cahn Inc.) and a number of probe liquids on 
the specimen. Surface energies and critical surface tension were calculated as described in 
Chapter 4.
Distilled water, dimethyl sulphoxide (DMSO) (99%+ Sigma Aldrich, UK) , glycerol (AnaIR, 
Merck, UK) and 1-bromonapthalene (99%+, Sigma-Aldrich, UK) were used as probe liquids. 
Surface tension components of these liquids are given in Table 7.3 below. A specimen 
immersion speed of 80 A/m s*1 was used, except with glycerol, the higher viscosity of this liquid 
requiring a lower speed of 4Q//m s'1. All specimens were immersed to a depth of 5mm and 
withdrawn at the same speed.
Liquid yLp (mJ nV2) Y lD (mJ m*2) Y lv (m J m'2)
Distilled water 51.0 21.8 71.8
DMSO 8.7 34.9 * 50.8
Glycerol 26.4 37.0 63.4
1 -bromonapthalene 0.0 44.6 44.6
Table 7.3: Polar, dispersive and total surface energy of probe liquids u sed  in DCA at 20°C
[96]
The force applied to the sample was measured at all times and used to plot a force versus 
displacement plot. The contact angle in both advancing and receding modes is then calculated 
from the plot. Contact angles in advancing, 0A, and receding, 0R, modes were determined and 
averaged to determine the equilibrium value, 0E.
A Fowkes plot (Figure 7.1) was then constructed and used to calculate ysd and ysp and a 
Zisman plot constructed to determine yc (Figure 7.2). Calculated values are presented in Table 
7.4.
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7.4.2 PECA/MMA and PECA/2-EHMA
DCA samples were prepared from 2-EHMA in PECA capsule pre-cursor mix to determine if the 
behaviour of the polymer (and chemical nature) had been altered in the capsule forming 
process. While not directly relevant to the development of an encapsulated system, the 
behaviour of ECA/MMA mixtures, which formed microspheres of appreciably different properties 
than neat ECA, was also explored. It is expected that an appreciable change in surface energy 
would correspond to the proposed co-polymerisation of ECA and MMA.
Equivolume mixtures of methacrylate and ECA were prepared and applied to flame cleaned 
glass slides as described above. When polymerised these were tested using the same probe 
liquids as for ECA. Data is given in Figure 7.1, 7.2 and Table 7.4.
Glass coating 
(feed mixture)
Yds (mJ nr2) Yps (mJ m‘2) YSv (mJ nr2) P/D
Ratio
Yc (mJ nr2)
ECA 24.67 8.75 33.42 0.35 33.49
ECA/MMA 34.79 7.55 42.34 0.22 32.80
ECA/2-EHMA 35.04 5.75 40.79 0.16 41.34
Table 7.4: Surface energy of spray coated glass determ ined b y  DCA
Critical surface tensions were calculated using a logarithmic best fit line to extrapolate to values 
of cos 0=1. The selection of probe liquids was not ideal for the Zisman approach, as they do 
not form a good span across the possible measurement range. This being so, only y0 for the 
ECA/MMA mixture does not agree with the calculated ysv values.
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/ P ,  D x 0 . 5(y/y )
Figure 7.1: Fowkes plot for ECA-coated and ECA/methacrylate slides
Figure 7.2: Zisman plot for ECA-coated and ECA/methacrylate slides
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7.4.3 Discussion
The use of ECA-methacrylate feed mixtures resulted in two clear differences in surface energy 
values. The surface energy of those films prepared from co-mixtures were greater by a 
significant amount (-25%) than those formed from pure ECA, but there was also a significant 
drop in ratio of polar-dispersive component ratios from ECA to ECA/MMA to ECA/2-EHMA.
Two explanations have been proposed for this and other differences in behaviour (increased 
strength and higher degradation temperature). In the first, the polymer formed was not a 
homopolymer of ECA, but a co-polymer of ECA and MMA. If methacrylate molecules had been 
incorporated into the polymer, the reduction in ysp component of the surface energy would be 
explained by increased spacing of polar groups of the ECA molecule, for example the nitrile 
group, by methyl groups on the methacrylate. This would also imply that some co­
polymerisation of ECA and 2-EHMA had occurred. The trend of decreasing polarity when going 
from ECA to ECA/2-EHMA would therefore be explained by the increasing size of the 
methacrylate species.
An alternative explanation is that the methacrylate has altered the polymerisation and film 
deposition stages of ECA. The presence of the methacrylate as a solvent may have allowed 
forming oligomers chains of ECA to remain solvated for a longer period prior to precipitation, 
resulting in the formation of longer polymer chains, possibly of a narrower size distribution, and 
greater freedom for the internal arrangement of the polymer. The latter would thus account for 
the reduction in ysp of the surface, as the aligned polymer maybe “presenting” lower polarity 
parts of the molecule to the surface (e.g. ethyl chain as opposed to nitrile group).
Neither explanation explicitly accounts for the overall increase in surface energy of the 
methacrylate films. It is important to remember that the application method has played a part 
in some changes in behaviour. The preparation of clear films of PECA, rather than the 
consolidated masses seen with other methods, came about without the presence of the 
methacrylate.
These surface energy values have been used to determine the spreading co-efficient, S, 
(measure of the ease of spreading) and work of adhesion, WA, between PECA and the epoxy 
adhesive and thus to predict whether such an arrangement would be thermodynamically stable.
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Values for viscous adhesives, such as amine cured epoxides are usually determined by 
analysing the solid to simplify the process. Calculated values of WA and S for the various films 
with epoxides have been obtained using the data in Table 7.5 for two commercial epoxide 
adhesives and are given in Tables 7.6 and 7.7.
Adhesive Ysd (m J  m*2) Ysp (m J  m '2) Ysv (m J  m "2) P/D Ratio
3M 2216 28.5 11.4 39.9 0.29
WRA 4501 34.8 . 15.1 49.9 0.30
Table 7.5: Surface energy values for comm ercial epoxides
Interface 0 WA (mJ m'2) S (mJ m 2)
ECA-Epoxy 1.00 72.98 -6.82
ECA/MMA-Epoxy 0.99 80.86 +1.06
ECA/2EHMA-Epoxy 0.98 78.13 -1.67
Table 7.6: Interaction parameter, Work of adhesion and Spreading co-efficients for PECA
ba sed  films with epoxy (3M 2216)
Interface <i> WA (mJ m'2) S (mJ m'2)
ECA-Epoxy 1.00 81.50 -18.3
ECA/MMA-Epoxy 0.99 89.96 -9.84
ECA/2EHMA-Epoxy 0.98 86.75 -13.05
Table 7.7: Interaction parameter, Work of adhesion and Spreading co-efficients for PEC/
ba sed  films with epoxy (WRA 4501)
These values show that wetting of PECA-based microparticles by an epoxide adhesive is not 
thermodynamically favourable, but if formed that they will be thermodynamically stable.
7.5 Chemical interactions
7.5.1 Introduction
As both adhesives and potential capsule components are active materials, there are a number 
of interactions that may occur between them, especially during cure of the adhesive. A number 
of possible interactions were identified and are presented in Table 7.8. The presence or 
absence of these interactions has been determined through DSC.
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Capsule component Possible coreactants
PECA 2-EHMA, DGEBA, POPDA
2-EHMA DGEBA, POPDA
Table 7.8: Possible capsule-adhesive interactions
7.5.2 PECA and 2-EHMA
Figure B.8 was obtained by performing a DSC analysis on a mixture of PECA (as microspheres) 
and 2-EHMA. There is clearly some interaction between the two as temperatures exceed 
100°C, and a reaction exotherm is observed. Thermal analytical runs were performed in 
triplicate.
7.5.3 PECA and DGEBA
DSC was performed on a mixture of PECA microspheres and Epikote 828 resin. 0.2mg of 
PECA was added to 10mg of Epikote 828 and scanned from 30 to 175°C at 2°C min'1. A 
sample of neat epoxide resin was also run for comparison. Both traces are shown in Figure B.9. 
These appear virtually identical, suggesting the two materials are stable towards each others 
presence.
7.5.4 PECA and POPDA
DSC samples were prepared by adding 0.2mg of PECA microspheres to 10mg of Jeffamine 
D230. This was scanned using the same conditions as the PECA-DGEBA experiment. A control 
of Jeffamine D230 was also scanned. The traces (Figure B.10) show an exotherm in the 
mixture with an onset temperature of 105°C, which does not appear in the Jeffamine D230 only 
curve, indicating reaction between the two materials at elevated temperatures.
7.5.5 2-EHMA and DGEBA
Approximately 0.3mg of 2-EHMA was added to 10mg of Epikote 828 and scanned between 35 
and 175°C at 2°C min'1. The trace is reproduced in Figure B.11 with the control. There is
evidence of a reaction between the two species, with an onset temperature of 73°C.
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7.5.6 2-EHMA and POPDA
Approximately 0.3mg of 2-EHMA was added to 10mg of Jeffamine D230 and scanned using 
the same conditions as for 2-EHMA-Epikote 828 mixtures. Figure B.12 shows the large 
exotherm (onset 88°C), slightly higher than with the epoxide.
7.6 Spectroscopy
7.6.1 Introduction
The use of UV spectroscopy to establish the presence of MMA in PECA microspheres was 
described in Chapter 6. MMA had been incorporated within what appeared visually to solid 
PECA microspheres. Immersion in methanol was able to extract MMA from these particles, 
which was subsequently detected by the spectrometer. The same method was applied to 2- 
EHMA in microcapsules, using methanol as the solvent. A control solution of 1/4 2-EHMA in 
100mi of methanol gave a Amax = 206.5±1nm. Further analysis was performed to study the 
behaviour of the encapsulant with time and whether such an effect is seen with other liquids.
7.6.2 UV spectroscopy
Specimens from many of the experiments carried out to develop the in-situ encapsulation 
technique were analysed using UV spectroscopy, in each case a single capsule was placed in 
3ml of methanol in the sample cuvette and scanned against a reference of methanol. Scans 
were carried out at 10 minute intervals on the same sample to generate a release profile of 2- 
EHMA over time. Figure 7.3 is a typical UV spectra of a PECA{2-EHMA} capsule, in this case 
taken from Run 5. The development of a signal as a function of time is clearly seen. The 
absorbance maxima at 205nm is indicative of 2-EHMA. The only way this could exist within the 
methanol would be via the passage of 2-EHMA through the PECA shell, the latter appearing 
intact after the experiment. Of interest is the observed increase in absorbance with time which 
clearly demonstrates increasing concentrations of 2-EHMA. It should be remembered Run 5 
capsules have been noted to leak and as exhibiting relatively low loadings of monomer, but 
similar behaviour was observed for all runs.
The ultimate aim of this work was to produce a particle that will release a repair phase in the
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presence of water. PECA was not selected as an encapsulant material on this basis however, 
and its ability to release in this manner was not known. The above analyses were repeated, 
using distilled water in place of methanol.
X(nm)
Figure 7.3: UV spectra of leached material from a m icrocapsules produced by  Run 5
Similar profiles were obtained for capsule immersion in distilled water, but over a much longer 
timescale, with changes in 2-EHMA concentration observed over several weeks. This may be 
a reflection of the lower solubility of 2-EHMA in water when compared with methanol. The peaks 
are less well defined, as around 190-200nm, water absorbs UV. It is interesting to note that the 
secondary absorbance around 275-280nm is more prominent than previously and maybe the 
result of solvent-analyte interactions. To try and prevent the loss of volume during this time 
profile experiment, the cuvette was sealed using silicone sealant. This was of limited success, 
as some volume of liquid was still lost, making concentration calculations unfeasible.
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7.7 Discussion
PECA microspheres, PECA{2-EHMA} microcapsules and PVOH{PECA} microcapsules have 
been analysed to determine their thermal properties. A number of possible interactions between 
adhesive, encapsulant and encapsulate components have also been investigated, using 
thermal analysis, and are summarised in Table 7.9. Some limitations to these particle-adhesive 
systems have therefore been identified which will be of specific relevance to the incorporation 
of any such particles into an adhesive and the cure schedule of that adhesive.
Material PECA 2-EHMA Epikote 828 Jeffamine
D230
PECA X 100°C - 105°C
2-EHMA 100°C X 58°C -
Epikote 828 - 58°C X n/a
Jeffamine D230 105°C - n/a X
Table 7.9: O nset tem peratures of com ponent interactions
Analysis of PVOH{PECA} microcapsules was limited and inconclusive. The presence of a single 
mass loss peak in TGA analysis was not expected for a supposed two-polymer system. The 
temperature at which this occurred was between those of PECA and PVOH degradations, thus 
was not attributable to either polymer.
Some more information was obtained on the differences between microparticles prepared from 
mixed feed solutions of ECA and methacrylate. ECA/MMA microspheres exhibited no 
appreciable differences to the base microspheres from neat ECA, which may be expected with 
a co-polymer. This implies that the product is pure PECA and therefore that the MMA may have 
contributed to the polymerisation reaction as a stabiliser for the anion or a solvent.
7.8 Concluding remarks
PECA{2-EHMA} microcapsules will not be suitable for elevated temperature cure or service 
conditions as the shell material may react with both the core and the hardener material. 
Furthermore, diffusing 2-EHMA will be able to react with residual unreacted epoxy or amine 
groups in the matrix adhesive, though this process will be mitigated by the relatively small
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number of free, mobile epoxy groups available in a cured adhesive system. Temperature limits 
have also been defined for PECA microparticles, and are moderately more able to handle 
elevated temperatures. Limited further knowledge was also obtained on the products of the 
attempted encapsulation of PECA with PVOH. The shift in onset temperature of the primary 
mass loss from PECA microsphere to encapsulation product suggested the presence of some 
PVOH, but the lack of a distinct mass loss stage indicated that mass of this polymer was low.
Prediction of the thermodynamics of wetting indicated that while wetting of PECA microspheres 
and PECA-wailed capsules by an epoxide based adhesive would be unfavourable, if achieved 
a stable bond would result.
Further differences in properties between microspheres prepared from neat ECA and from 
ECA-methacrylatefeed mixtures have been determined, suggesting a change in polymerisation 
process. This process could either be co-polymerisation of MMA and ECA, or the action of MMA 
forming stable anions and controlling the chain extension.
Finally the release of 2-EHMA from PECA{2-EHMA} microcapsules was demonstrated using 
methanol and water as immersion solvents. The ability of water to remove 2-EHMA from the 
capsule is beneficial to the overall aim of the programme, but also highlights the care required 
during capsule preparation as water is used as the continuous phase.
The next chapter describes attempts to incorporate selected microparticle products from the 
preceding chapters into the model adhesive.
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Chapter 8 - Curing and analysis of a lifetime compensating 
adhesive
8.1 Introduction
The next stage in the development of a lifetime compensating adhesive was the incorporation 
of repair materials into a model adhesive system. Two repair materials were incorporated into 
the adhesive system selected in Chapter 4 - PECA microspheres and PECA{2-EHMA} 
microcapsules, which have been collectively termed microparticles.
Experiments discussed in Chapter 7 demonstrated the thermal and chemical limitations of these 
microparticles i.e. PECA depolymerisation at ~150°C and potentially the POPDA-PECA 
reaction at ~105°C. To successfully include microparticles in the adhesive, it was necessary to 
consider the cure conditions and cure exotherm of the adhesive. The temperature profile of the 
adhesive during cure was therefore determined for a number of nominal cure temperatures. 
This information was used to identify suitable cure conditions for the adhesive-microparticle 
systems. The chemical stability of the microparticles with respect to adhesive components were 
studied by incorporation of such particles in the adhesive at “safe” cure temperatures and 
observing the resulting cured material.
Cured microparticle-adhesive castings were used to characterise the effects of the incorporated 
phase on the bulk properties of the adhesive. This was achieved through DMTA. Durability of 
PECA microsphere containing adhesive was also assessed by water immersion in a warm 
environment.
Initial studies of the release process were undertaken for the adhesive-PECA microsphere 
system. It was envisaged that the time-scales for a moisture activated release system would 
be long, so effort was concentrated on the thermal activation of the microspheres (i.e. 
depolymerisation) as release would be essentially instantaneous. Post-release diffusion was 
simplified in this manner, as there was no capsule wall to consider. Furthermore the difficulties 
in handling ECA as a monomer had made conventional diffusion studies difficult.
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These experiments were therefore used as a means of assessing the diffusion of ECA through 
the model adhesive, albeit in a rather coarse manner.
8.2 Assessment of the cure exotherm of the primary adhesive
8.2.1 Adhesive information
The two components of the model adhesive were selected and described in Section 4.2. These 
were mixed in an approximate 1:1 ratio of epoxide to amino-groups (76wt% epoxide resin). 
Three cure schedules were selected, based on previous experience with the adhesive:
• 36 hours at room temperature (23±2°C);
• 18 hours at 70°C;
• 18 hours at 100°C.
8.2.2 Adhesive cure
The cure exotherm of the model adhesive was characterised using three cure temperatures: 
50,70 and 100°C. For each temperature, 100g of mixed adhesive was placed in a circular pot 
of identical dimensions with a K-type thermocouple positioned in the centre of the adhesive. The 
temperature was recorded from mixing to completion of cure (as denoted by a return to nominal 
cure temperature of the bulk adhesive). Figure 8.1 shows the temperature profile of the 
adhesive at each of the three temperatures.
For each temperature, the adhesive was noted to rise to a maximum in excess of the nominal 
cure temperature, before equilibration at the latter. The peak temperature reached in each case 
has been noted in Table 8.1, with the depolymerisation temperature of PECA for comparison. 
These results indicate that a 100°C cure is not acceptable for the inclusion of PECA. 70°C
appears to be a borderline case, while a lower temperature cure of 50°C would appear to be
acceptable. This data was used to determine a relationship between cure and peak 
temperatures, as given in Equation 8.1.
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Time (mins)
Figure 8.1: Peak exotherm versus time as a function of cure temperature
Oven temperature (nominal cure 
temperature) (°C)
Peak temperature of adhesive (°C)
50 99
70 142
100 206
depolymerisation temperature of PECA 146
Table 8.1: Peak exotherm tem peratures a s  a function of cure temperature
T m  _ 2 .l4T n -  7 . 8 9  Equation 8.1
where Tn is the nominal cure temperature and T100a is the peak temperature reached for a mass 
of 100g.
This relationship has been used to predict the peak temperature for a room temperature cure 
(i.e. 21 °C) as 37.1 °C. Actual experiment gave a value of 38.5°C. It was expected that this
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relationship would only hold for masses of 10Og, but an experiment performed using 50g of the 
adhesive with a nominal cure temperature of 100°C gave a peak temperature of ~205°C - very 
close to that obtained for 10Og.
8.3 PECA Microspheres
8.3.1 Incorporation
PECA microspheres were prepared as described in Section 5.2.2, method 3. These were dried 
before incorporation into the adhesive to prevent voiding that may arise from the presence of 
moisture associated with the particles. Bulk incorporation samples were prepared by adding 
1wt% of PECA microspheres to adhesive mixture for a total mass of approximately 75g. The 
mixture was de-gassed under vacuum and transferred into three poly(methyl pentene) petri- 
dishes (approximately 100mm in diameter) sd that each dish contained an equal mass of 
mixture. Each dish was cured using one of the schedules given in 8.2.1.
Upon removal it'was noted that microspheres were visible in the ambient cured castings, but 
not in either 70 or 100°C castings. This confirmed the predictions of the adhesive exotherm 
experiments. Microsphere dispersion in the cured specimens was poor, the particles exhibited 
a tendency to agglomerate together, and generally collect near the upper surface of the casting.
8.3.2 Characterisation of bulk properties of the adhesive
Characterisation of differences in physical properties of the base adhesive and adhesive 
modified by inclusion of PECA microspheres was undertaken by preparing three single 
cantilever bending DMTA specimens from 25g castings of each adhesive. These castings were 
cured at ambient temperature. A frequency of 10 Hz, strain level of 4 (nominal bending 
displacement of 64//m) and heating rate of 2°C min’1. The temperature range was +40 to 
+150°C. The loss tangent (tan 6) and bending modulus were recorded.
Glass transition temperatures of each type were determined from the peak loss tangent value 
of each specimen. Control specimens were determined to have a Tg of 75.7°C compared with 
a value of 78.1 °C for PECA containing samples. Modulus behaviour was unchanged. No 
second transition was noted, indicating that the adhesion between microspheres and adhesive
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matrix was poor or non-existent. This was predicted by the unfavourable spreading coefficients 
determined in Section 7.4.3. While differences in T0 and modulus were determined to be 
minimal, these regions of poor adhesion may act as a diffusion path for penetrants and stress 
concentrators under load.
8.3.3 Release
Ambient cured 25g castings of adhesive and microsphere-loaded adhesive were cut into 
several 10x10x4mm squares. Specimens of each were exposed to a temperature of 150, 180 
or 200°C in a Pyrex dish for three hours and observed after cooling.
Specimens exposed to 150°C showed darkening of the bulk adhesive. Incorporated particles 
were still visible. At 180°C darkening was again observed, but more noticeable was the loss of 
microspheres in the loaded samples and adhesion of these samples to the dish. In some cases, 
this was quite pronounced as the block was sat in a puddle of a clear solid material. By 
observing the underneath of the dish it was possible to make out smaller regions of similar 
appearance between the adhesive pieces and the dish on the other samples. The larger 
puddles included some voids. Figure 8.2 shows one such piece as views from above and below. 
The puddle effect was not observed on the controls, though in some cases there was a small 
amount of adhesion between glass and specimen, probably attributable to post-cure of the 
adhesive.
Figure 8.2: Adhesive casting containing PECA microspheres, after heating to 180°C. Left hand 
image is a view from above, while the right hand image is the underside and show s the voids.
Specimens heated to 200°C were noticeably darker than lower temperature specimens, making 
observations of the state of the microspheres difficult. Again there was some evidence of
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"puddling” of a material, but these regions were no longer clear, but brown. Furthermore it was 
less apparent than the 180°C samples.
An attempt to quantify the relative strength of adhesion obtained by the heat treatment of 
controls and PECA-loaded adhesive was undertaken through two approaches. New castings 
were prepared of both control and PECA-loaded adhesives. These were cured at ambient 
temperature (21 °C) and cut into 25x25mm squares. The squares were clamped between two 
mild-steel strips of dimensions 100x25x3mm to form a single overlap geometry and subjected 
to 180°C heat treatment for three hours. A series of discs, 25mm diameter by 3mm thick, were 
also prepared from these adhesives using a silicone mould and release spray. After curing at 
room temperature the discs were removed from the mould and lightly abraded followed by 
solvent wipe to remove trace release spray. Each disc was placed between two mild-steel 
tensile butt joint pieces and subjected to 180°C for 3 hours. A tensile butt jig [106] was used to 
clamp the assemblies together during this heat treatment stage.
The majority of joints of both geometries utilising the PECA-containing adhesive were adhered 
together. A lesser number of controls had also adhered. Again the former appeared stronger, 
but neither set were sufficiently strong to allow attachment to a test machine and thus it was not 
possible to accurately determine their shear or tensile strengths. However observations of the 
loaded specimens indicated regions of clear material had formed, similar to those in Figure 8.2.
8.3.4 Ageing of PECA microsphere containing adhesive
The durability of a lifetime compensating adhesive will be an important factor in its suitability. 
A typical structural adhesive in an aerospace application may be exposed to a range of 
conditions, such as elevated temperature and high humidity. The behaviour of the modified 
adhesive in this type of condition is therefore of interest and has been explored using DMTA. 
These have been aged in a “hot/wet” environment i.e. 50°C and immersion in tap water. 
Specimens were withdrawn at intervals and tested to construct a profile of glass transition 
temperature with time, each sample set consisting of three specimens.
DMTA specimens were prepared as described previously in this chapter and were placed in a 
plastic tub with sealed lids containing water. The tubs were transferred to an oven at 50°C. 
Withdrawals were made after 29, 79 and 320 days. An initial set of 0 and 1wt% PECA
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specimens were not immersed, but tested immediately to provide base-line data.
DMTA runs were performed using the same conditions as previous tests and Tg values 
determined from the maxima in the tan 8 curve. Aged samples of both controls and PECA 
containing materials displayed two maxima in the tan 8 curve, partially overlapping. Where this 
has occurred both maxima values have been noted. These values are given in Table 8.2.
Exposure 
time (days)
0wt% PECA 
First Peak
0wt% PECA 
Second Peak
1wt% PECA 
First Peak
1 wt% PECA 
Second Peak
0 75.74 n/a 78.16 n/a
29 77.13 91.64 74.25 90.58
79 77.23 92.68 74.96 91.67
320 - - 77.57 93.87
Table 8.2: Effect of exposure time on transition temperatures of primary adhesive cured at
ambient temperature with and without PECA m icrospheres
As this effect was been observed in both sets of samples, it has not been attributed to the 
presence of microspheres, but rather to that of moisture. Such behaviour has been observed 
by the author previously and two possible processes have been proposed to account for this. 
First, the presence of moisture tends to plasticise polymers, depressing their Tg. During the 
analysis, the sample is heated which may remove moisture from the surface areas of the 
sample, resulting in plasticised and unplasticised regions, in this case the higher peak would 
correlate to the dry Tg, but is appreciably higher than the dry Tg of ~77°C already observed. It 
is therefore suggested that plasticisation of the adhesive has depressed the Tg to a point close 
to the ageing temperature (50°C), allowing post-cure to occur. The higher temperature peak 
would thus represent the Tg of dry post-cured adhesive, while the lower value would correlate 
with a plasticised region of adhesive. The latter explanation can be supported by the relative 
shift in intensities of the two peaks, with the higher temperature peak becoming more 
predominant, indicating a process requiring an extended period of time, such as post-cure.
Visual inspection of PECA-loaded specimens were carried out before and after DMTA and 
revealed no changes in the nature or presence of the microspheres either since conditioning 
began or over the course of the analysis.
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8.4 PECA{2-EHMA} microcapsules
8.4.1 Incorporation
PECA{2-EHMA} microcapsules were prepared as described in Section 6.3.2 for Run 13 (as this 
was identified as having the greatest loading of monomer). These were dried over silica gel 
before incorporation to prevent the formation of voids upon curing. A series of castings of the 
model adhesive with 1 wt% of microcapsules were prepared, cured at ambient, 70 and 100°C. 
Visual observations of these castings were made after they had cooled. Their behaviour was 
identical to that observed for microsphere-adhesive castings. Only in those castings cured at 
room temperature, were microcapsules still observed. Some swirl patterns could be observed 
in castings cured at higher temperatures. Dispersion of capsuies in RT cured castings was 
poor, capsules having separated out to the top and base of castings. As the shell of these 
capsules is PECA, the loss of visible capsules was assumed to be a result of the thermal 
depolymerisation of this material.
8.4.2 Characterisation of bulk properties of the adhesive
Single cantilever DMTA specimens were prepared from castings of 1 wt% microcapsules in the 
adhesive. These were cured at RT, prepared and tested as described in Section 8.3.2. 
Microcapsule containing specimens only showed a single maxima in the loss tangent peak, with 
a Tg of 76.5°C.
8.4.3 Release
There was not sufficient time to undertake a complete release study of 2-EHMA from these 
microcapsules, aside from the spectroscopy work already discussed (Section 7.6). The diffusion 
of 2-EHMA through the matrix resin was studied and is described in Chapter 9.
8.5 Discussion
The feasibility of depolymerisation of PECA in-situ has been demonstrated, though the 
temperatures required result in the discolouration of the primary adhesive, indicative of
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oxidation. Subsequent diffusion of the monomer was rapid, reaching the surfaces of the 
castings within the three hour heat treatment period. This may have been aided in part by the 
tendency of microspheres to migrate towards the surfaces during cure. Furthermore the high 
temperatures employed were in excess of adhesive Tg.
The ability of this material to generate adhesion between the dish and primary adhesive is 
promising to its envisaged use, though the conditions used are not representative. A thermally 
activated repair will not meet the criteria and aims of the programme. For a true lifetime 
compensating adhesive, thermal depolymerisation is of interest in the conversion of solid core 
to liquid core microcapsules e.g. the attempted formation of PVOH{PECA}.
It has proved possible to incorporate microspheres and microcapsules into the model adhesive 
within temperature limits. A simple set of experiments has indicated the effect a cure exotherm 
can have on these microparticles, though these effects are likely to be mitigated in a true 
adhesive joint which will have appreciably less thickness and may incorporate thermally 
conductive substrates (e.g. metals).
Dispersion of these particles has also been poor and may be the results of a number of factors 
including buoyancy, poor compatibility (as demonstrated by the unfavourable spreading co­
efficient), size and geometry. It could also be explained by adhesive gelation, which will occur 
towards the centre of the adhesive volume first, pushing the particles into the remaining liquid 
regions of the mixture. The separation of microcapsules to both surfaces of the adhesive may 
indicate a difference in these capsules, in that some may contain encapsulate while others do 
not. The ability of filled capsules to concentrate towards a surface may actually be preferable 
as the capsules are then concentrated in the region where the encapsulate is required. 
However such as concentration could have an adverse effect on the properties of the adhesive 
joint.
The use of PECA microspheres in these experiments were useful in simplifying and 
accelerating these studies, but ultimately the microcapsule systems will need to be studied in 
more detail. Ageing studies indicated that the presence of the microparticles did not effect the 
bulk properties of the adhesive. This needs to be confirmed for microcapsule systems, where 
the potential for liquid migration exists, whether through accidental or intentional release.
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With the successful, if limited, incorporation of microparticles, into the model adhesive, the 
diffusion of the repair and trigger (moisture) materials was assessed. This is described in the 
next chapter.
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Chapter 9 - Diffusion studies
9.1 Introduction
The presence of a liquid phase within a polymer matrix can have a number of effects on that 
matrix. Liquids enter a polymer system through the process of diffusion, whereby molecules of 
the liquid are adsorbed into the matrix and move through the structure. This is commonly 
observed with water, to which most polymer systems are exposed at some point in their service 
life, but many organic liquids are capable of this behaviour. None have been studied as 
extensively as water.
The proposed mechanism of a lifetime compensating adhesive involves four diffusion stages. 
In the first instance, water will diffuse into the adhesive matrix, ultimately reaching the interface 
region of the joint, where it can cause degradation and eventually failure. An understanding of 
the speed and degree (concentration) of water absorption is therefore desirable. This 
information will also serve to determine the speed at which water will reach repair particles 
dispersed in the matrix adhesive. Upon reaching a repair particle, water molecules will face a 
second barrier to progression - the repair particle shell or wall. Diffusion into or through this 
material is also of interest as it may determine the rate and effectiveness of repair phase 
release. Repair phase molecules will then need to pass through the shell themselves. The 
nature of the shell material may be much altered at this point. Finally, repair phase molecules 
will diffuse through the matrix adhesive, ideally to reach the interface of the joint and repair any 
damage there.
The four processes described above assume that the repair component is an encapsulated 
product where the capsule wall is physically altered by water (e.g. swelling) rather than 
dissolution or degradation. A dissolution or degradation process removes the third diffusion 
process. Furthermore the use of microspheres, such as the PECA system discussed in this 
study will only feature the first and last processes. The last process is also likely to occur at the 
elevated temperatures required to degrade the microspheres and thus is expected to be rapid 
in comparison to ambient diffusion. Indication of such rapid diffusion was observed as described 
in Section 8.3.3.
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There have been numerous studies of water diffusion into epoxide based adhesives, such as 
the model system used here, and these are well-documented in a number of adhesive science 
texts [e.g. 5]. The ability of larger molecules to diffuse through epoxides have not been hardly 
studied and it was therefore necessary to determine their ability to diffuse through the matrix 
adhesive experimentally.
A number of effects associated with diffusion may also be observed by performing absorption 
experiments. For example, does the penetrant cause swelling of the adhesive? Will it suppress 
the Tg?
9.2 Experimental
9.2.1 Methodologies
Two methodologies were employed to determine diffusion behaviour of potential repair phases - 
thermogravimetric measurements and computer modelling and simulation. The latter was used 
to calculate solubility parameters in the first instance and then to predict diffusion coefficients 
of various penetrants.
9.2.2 Penetrants and substrates
The penetrants to be studied were potential repair phases - methyl methacrylate and 2-ethyl 
hexyl methacrylate. ECA was excluded due to the problems inherent with handling the 
monomer. As water plays an important role in the degradation of adhesive joints and is 
envisaged as a release trigger of a LCA, it was also included, giving a total of three penetrants.
Matrix selection was not limited to the model adhesive but expanded to include a number of 
similar systems. Diffusion of a penetrant material is liable to be effected by changes in the 
chemical and physical nature of an adhesive, even where different adhesives are of the same 
chemical type, including the pre-cursors. A range of epoxy adhesives utilising DGEBA resin and 
POPDA and piperidine hardeners were included in the study. As a comparison, a tetra- 
functional epoxy resin, tetraglycidyldiaminodiphenylmethane (TGDDM) was also used. This was 
cured using diaminodiphenylsuiphone (DDS) and in some cases toughened with poly(ether 
sulphone) (PES).
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The experimental matrix for thermogravimetric tests is given in Table 9.1, including 
temperatures at which absorption was carried out.
Matrix Penetrant and temperature of tests performed (°C)
Water 2-EHMA MMA
Mix 1, cured at RT 21 21,30, 40 21,30
Mix 1, cured at HT(100°C) 21,30 21,30, 40 21,30
Mix 2, RT 21 21,30, 40 21,30
Mix 2, HT 21 21,30,40 21,30,40
Mix 3, RT 21 21,30 21,30
Mix 3, HT 21 21,30 21,30
Mix 4, RT 21 21,30 21
Mix 4, HT 21 21 21, 30
TGDDM-DDS - 21,30 21,30
TGDDM-DDS + 10wt% PES - 21,30 21,30
TGDDM-DDS + 20wt% PES - 21,30 21,30
TGDDM-DDS + 30wt% PES - 21,30 21,30
Epoxy-piperidine 21 21,30 21,30
Epoxy-piperidine toughened with 
CTBN
21 21,30 21,30
Table 9.1: Test matrix showing the adhesive formulations studied and the experiments
perform ed
The composition of all the adhesives in this test matrix is given in Appendix C with cure details. 
Mix 1 was the model adhesive into which microparticles were incorporated in Chapter 8. By 
replacing a portion of Jeffamine D230 with Jeffamine D2000 {a higher molecular weight POPDA 
hardener) a more flexible adhesive was obtained. This was exploited to varying degrees in 
Mixes 2 to 4. Each incorporated a greater proportion of the latter in place of the former. The 
higher molecular weight of Jeffamine D2000 arises from the greater number of oxypropyl repeat 
units in the backbone - the structure is given in Appendix A. These would impart greater mobility 
to the cured adhesive and were expected to reduce the cross-link density of the cured material 
due to the larger distances between functional groups. Two cure schedules were employed with 
these adhesives - at ambient and elevated temperatures as denoted by the RT and HT tags 
respectively. Curing of these materials at elevated temperatures (in this case 100°C) is liable 
to increase the extent of cross-linking in these adhesives by ensuring a greater degree of 
reaction. Quantification of these effects was obtained using DMTA to determine Tg of each of 
the matrices listed in Table 9.1.
Molecular modelling was confined to the analysis of methyl methacrylate, 2-ethyl hexyl 
methacrylate and water in the model adhesive system (i.e. Mix 1) and TGDDM-DDS.
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9.2.3 Determination of glass transition temperatures
DMTA was used to determine the glass transition temperature of each of the adhesives in Table 
9.1. All adhesives were analysed in bending (single cantilever) mode, except mix 4 specimens. 
These were too rubbery for this mode and were instead analysed in shear mode.
Specimens were cut from castings cured as detailed in Appendix C. Bending mode specimens 
were cut from castings to nominal dimensions of 30x10x2mm, then ground and polished using 
silicon carbide wet and dry paper grades 120, 400 and 1,200 to ensure the removal of visible 
scratches and irregularities and ensure parallel faces and edges. Specimens were prepared to 
a tolerance of ±0.1 mm. Shear specimens were prepared by using a cutting die to produce discs 
of nominal dimensions 10mm diameter by 2mm thickness.
All analysis was carried out at 10Hz frequency and a strain level of 1 and each experiment was 
performed in triplicate. Where required, liquid nitrogen was used to achieve sub-ambient 
temperatures.
9.2.4 Gravimetric uptake experiments
Castings of each adhesive were prepared using the formulations and cure schedules given in 
Appendix C. Castings were cut, ground and polished into specimens of nominal dimensions 
50mm (length) by 25mm (width) by 1.5mm (thickness). Grinding and polishing was achieved 
using silicon carbide wet and dry paper grades 120, 400 and 1,200 to ensure the removal of 
visible scratches and irregularities and to ensure faces and edges were parallel. Enough 
specimens were prepared to perform each experiment in triplicate.
Specimens were then dried to constant mass over phosphorous pentoxide - a desiccant 
capable of achieving a relative humidity of <5% in air at 21 °C. Initial mass measurements were 
recorded to 0.1 mg on a digital balance (Ohaus GA110). Specimen thickness was also noted 
to 10//m, using a micrometer (Sylvac). The average of three points was taken to account for 
slight variations across the sample.
Sorption data was collected at up to three temperatures (ambient (21 ±2), 30 and 40°C) by the 
immersion of samples in a volume of the test liquid (penetrant). These test temperatures mean
162
Diffusion studies
that all adhesive matrices, with the exception of Mix 4 RT and HT, are nominally in their glassy 
state (i.e. T < Tg). The reduction of Tg in response to uptake is, however, well documented for 
water due to plasticisation of the matrix. Similar behaviour is expected in these experiments and 
thus some matrix materials may change from glassy to rubbery during the uptake experiment.
The penetrants were placed in a number of glass jars with rubber seals and clamped glass lids 
(Kilner jars). Each jar was used for one experiment and thus contained three samples. 
Penetrant volume was maintained to ensure specimens were covered.
The masses of all specimens were monitored until constant mass was achieved, or another 
cause terminated the experiment. Measurements were performed on the same balance as the 
initial readings. Upon removal from the penetrant, each specimen was surface dried using lint- 
free paper towel and weighed as soon as possible. Each specimen was re-immersed prior to 
removal of the next one to ensure minimal time was spent outside the penetrant.
Data thus obtained was converted to % mass change and plotted against root time over 
thickness. These axes are used as they allow for the determination of diffusion coefficient, D, 
by simply calculating the slope of the linear portion of the uptake section of the curve, following 
the equation:
where M/M„ is the fractional uptake, t is time and /, thickness. These plots are presented in 
Appendix C. D values were calculated for each experiment. In some cases, the data was used 
to determine activation energies of the diffusion processes, according to Equation 9.2. 
Equilibrium mass uptake, Ms, was determined from the plateau region of the plot (i.e. when 
1 ), if any was achieved. Some experiments exhibited two distinct linear regions of the 
curve and in these cases, a diffusion coefficient from each region was determined.
Equation 9.1
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E a
D = D0 e x p R T Equation 9.2
;where EA ¡s the activation energy, R is the universal gas constant and T is the temperature in 
Kelvin.
Computer modelling and simulation were employed in the estimation of diffusion coefficients. 
These were determined using a free-volume approach. Free volume is generated by molecular 
motions of the polymer and this approach relates the diffusion coefficient to the energy required 
to produce sufficient free volume for a penetrant molecule to move into. Two parameters are 
required for this approach, solvent accessible volume (Vs) and dynamic radius of gyration (R), 
a measure of the size described by a mobile molecule of the penetrant. The diffusion of a 
number of molecules through polystyrene has been found to show a proportional relationship 
between diffusion coefficient and both Vs and R. Diffusion coefficients of small molecules in a 
polymer are therefore scaled according to their dimensions.
This technique does not allow for interactions between penetrant and adhesive, such as 
hydrogen bonding, and thus errors may exist when the polar nature and functionality of the 
penetrants and matrices concerned are considered.
9.3 Results
The Tg results and observations of diffusion-related experiments are presented in the following 
sections. A more detailed discussion of the diffusion results is given in Section 9.4.
9.3.1 Glass transition temperatures
The Tg’s of DGEBA mixes, given in Table 9.2, show two trends. Firstly, as the proportion of 
D2000 amine increases, the Tg decreases, which correlates with the increasing flexibility of the 
system and reduction of cross-link density. This is to the extent that Mix 4 adhesives are in their
9.2.5 Molecular modelling
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rubbery phase at room temperature. Secondly, HT values are similar or higher than RT values, 
as is to be expected if there is a significant degree of cross-linking not achieved in curing at RT. 
The fact that Mixes 3 and 4 exhibit minimal differences between RT and HT cure schedules 
Implies that almost complete reaction/cross-linking can be achieved at the former. This was 
supported by DSC experiments which detected residual cure in Mixes 1 and 2, but not in Mixes 
3 or 4.
Matrix Tg (°C)
Mix 1 RT 63.0
Mix 1 HT 100.0 |
Mix 2 RT 55.8 I
Mix 2 HT 59.3 I
Mix 3 RT 44.5 j
Mix 3 HT 43.4 i
Mix 4 RT 2.38
Mix 4 HT 4.4
TGDDM-DDS 188.0/261.8
Epoxy piperidine 98.7
Epoxy-piperidine 
toughened with CTBN
100
Table 9.2: Glass transition tem peratures of adhesive matrices a s  determ ined b y  DMTA
The twin transition noted for the TGDDM-DDS matrix indicated that cure had not reached 
completion. This was expected as the resin is typically cured in a two-stage process, initially at 
150°C but followed by a post-cure at 180°C. For the purposes of these experiments, samples 
were only cured at 150°C, based on knowledge of the temperature limits of microparticles as 
determined in Chapter 8.
9.3.2 Sorption of water
Specimens of all adhesive matrices were immersed in single distilled water. D and Ms values 
are tabulated in Tables 9.3 and 9.4 respectively. All plots are included in Appendix C.
Figure 9.1 is a plot of water uptake into DGEBA/POPDA Mix 1, büt is representative of any of 
water diffusion into any of these Mixes. There is a simple pattern of relatively rapid increase in 
mass, gradually levelling off to a plateau as equilibrium is approached. The shape of these plots 
is indicative of Fickian absorption. Diffusion coefficient increased with increasing flexibility of the 
matrix, the most noticeable change having occurred between Mixes 1 and 2, coinciding with the
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inclusion of the flexibilised amine. This trend was observed for both RT and HT cured 
specimens.
Matrix D (m2/s)
21±2°C 30°C
Mix 1 RT 7.00x1 O’14 -
Mix 1 HT 1.32x1 O’13 1.85x10*13
Mix 2 RT 1.93x10‘12 -
Mix 2 HT 1.26x10'^ 2 -
Mix 3 RT 2.91x10'1Z -
Mix 3 HT 2.79x10*12 -
Mix 4 RT 4.84x10*12 -
Mix 4 HT 5.05x1 O'12 -
Epoxy piperidine Not possible to determine
Epoxy-piperidine toughened 
with CTBN
Not possible to determine
Table 9.3: Diffusion coefficients of water adsorbing into adhesive matrices
Matrix Ms (%)
21±2°C 30°C
Mix 1 RT 2.9 -
Mix 1 HT 2.8 2.3
Mix 2 RT 3.2 -
Mix 2 HT 3.1 -
Mix 3 RT 3.1 -
Mix 3 HT 3.1 -
Mix 4 RT 3.0 -
Mix 4 HT 2.5 -
Epoxy piperidine Not possible to determine
Epoxy-piperidine toughened 
with CTBN
Not possible to determine
Table 9.4: % sorbed  m ass of water in adhesive matrices.
Differences in diffusion rate between room and elevated temperature cure vary. While Mix 1 HT 
exhibited significantly increased diffusion rate over its RT counterpart, D for Mix 2 HT was less 
than the RT value. Given that increased Tg has been equated with an increased degree of 
cross-linking, it is reasonable to assume that the higher the Tg represents a more rigid structure, 
less able to accommodate diffusing material. If this is the case, it implies that the Mix 1 system 
is anomalous. This is discussed in more detail in Section 7.4. Changes in the diffusion rate of 
water in Mixes 3 and 4 between RT and HT-cured matrices are minimal, reflecting the perceived 
similarity in chemical structure as noted earlier in relation to their Tg’s.
166
Diffusion studies
Figure 9.1: % m ass change of DGEBA Mix 1 when im m ersed in water
The effect of test temperature was briefly considered with Mix 1 HT, where a set of specimens 
were immersed at 30°C. An increase in diffusion rate was observed and thus, while 
experimental temperature was substantially below adhesive Tg (100°C), it is presumed that the 
increase in D was a reflection of minor changes in polymer chain flexibility. It is less significant 
than increases obtained with increasing use of the flexibilised amine.
Sorption values were determined to be largely constant for all systems, at around 3%. Two 
exceptions were noted however: Mix 4 HT (Ms = 2.5%) at 21 °C and Mix 1 HT at of 30°C (Ms = 
2.3%).
The uptake of water into the DGEBA-piperidine systems was extremely slow, Ms rising in an 
almost linear fashion over the duration of the experiment. Given sufficient time, it should have 
been possible to obtain values for D or Ms.
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9.3.3 Sorption of methyl methacrylate
The complete range of adhesive matrices were exposed to MMA at ambient temperatures (i.e. 
21±2°C) and a large number at 30°C as well. In a number cases, two distinct linear uptake 
regions were observed (Figure 9.2) and two diffusion coefficient values calculated. All D values 
are recorded in Table 9.5.
Matrix D (m2/s)
21±2°C 30°C 40°C
Mix 1 RT 1.35x1 O'12 2.34x10 '12 3.87x1 O'12 7.84x10*12 - -
Mix 1 HT 4.17x1 O’15 2.71x1 O’14 4.12x1 O’14 - - -
Mix 2 RT 6.44x1 O'12 1.44X10*11 7.25x1 O'12 2.54x10'11 - -
Mix 2 HT 6.41x1 O’12 1.10x10 '11 7.71x1 O'12 - 1.88x10 '11 -
Mix 3 RT 8.07x10*12 2.15x10*11 8.56x10'11 - - -
Mix 3 HT 7.15x1 O'12 1.65x10‘11 1.42x10'11 - - -
Mix 4 RT 2.04x10'11 4.02x10*11 - - - -
Mix 4 HT 2.82x10’11 4.44x10 '11 3.89x10’11 - - -
TGDDM-DDS not possible to determine
with 10%
thermoplastic
(TP)
not possible to determine
w/ 20% TP not possible to determine 9.18x1 O’13 -
w/ 30% TP not possible to 
determine
3.34x1 O'15 1.66x1 O'13 5.57x1 O'13 -
DGEBA-
piperidine
not possible to determine
DGEBA- 
piperidine w/ 
CTBN
8.15x10*14 1.12x1 O'12 6.14x10'13 1.33x1 O'12 7.88x1 O’13 -
Table 9.5: Diffusion coefficients of MMA in adhesive matrices
A sizeable data set was obtained for the DGEBA-POPDA-based adhesives. Specimens 
immersed at ambient laboratory temperature generally exhibited two distinct uptake phases, 
with the second phase characterised by a D of approximately 2-2.5 times greater than the initial 
value. The second stage was observed to occur at approximately 50% saturation. A typical plot
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obtained is shown in Figure 9.2 and it can be seen that absorption was not Fickian in behaviour, 
but sigmoidal. It was also noted that all samples were swollen by the penetrant. The DGEBA- 
POPDA adhesives exhibited a generally consistent increase in diffusion coefficient with matrix 
flexibility, with the exception of Mix 1 HT (100-1,000 times slower). This matrix represents the 
minimal flexibility in the series and the sharp drop in D value, even when compared to the same 
adhesive cured at 21 °C. Evidently there is a critical factor that has been exceeded with the Mix 
1 HT matrix. Water was hindered in its diffusion through this system, but not to the same 
degree as MMA, suggesting that size may be the factor.
0 100000 200000 300000 400000
Root time / thickness (s0'5 mm'1)
Figure 9.2: Adsorption of MMA into mix 1 adhesive showing two linear regions of uptake
Sorption values (Table 9.6) were large, with values in excess of 100% recorded for Mix 4 
matrices. Comparison of Ms values at ambient with matrix T0 show a near-linear trend of 
decreasing mass uptake with increasing rigidity of the matrix. This was not replicated at higher 
experimental temperature however, with substantial decreases in Ms noted for Mix 2 RT, Mix 
3 RT and Mix 4 HT. The CTBN-toughened DGEBA-piperidine matrix also shown a decrease 
between experimental temperatures of 30°C and 40°C.
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Matrix Ms (%)
21±2°C 30°C 40°C
Mix 1 RT 58.2 69.6 -
Mix 1 HT 32.1 32 -
Mix 2 RT 64.3 59.7 -
Mix 2 HT 61.2 63.3 61.9
Mix 3 RT 72.6 40.4 -
Mix 3 HT 75.6 74 -
Mix 4 RT 113.5 - -
Mix 4 HT 123.6 100.6 -
TGDDM-DDS not possible to determine
with 10%
thermoplastic
(TP)
not possible to determine
w/ 20% TP not possible to determine 9.4
w/ 30% TP not possible to determine 21.6 21.7
DGEBA-
piperidine
not possible to determine
DGEBA- 
piperidine w/ 
CTBN
48.4 47.6 39.3
Tabie 9.6: % sorbed  m ass of MM A in adhesive matrices
Diffusion of MMA into TGDDM-DDS series of matrices proceeded in a different manner to the 
DGEBA mixes. A linear increase in mass was observed at 21 °C with the untoughened matrix 
material, while at 30 and 40°C it exhibited a mass loss, more significant at the higher 
temperature. This behaviour was replicated with 10% toughening phase, with all exposure 
conditions specimens showing an initial mass loss before gaining. Behaviour was observed to 
change with 20% of the thermoplastic phase. At temperatures of ambient and 30°C there was 
an initial mass loss, followed by an eventual increase above 0% while at 40°C there was an 
almost immediate increase in mass, which eventually reached equilibrium at -9%. The latter 
appeared to follow a Fickian sorption curve and it was observed that these specimens became 
rather rubbery in nature. With 30% thermoplastic, specimens at both 30 and 40°C followed 
Fickian sorption. The observed positive mass change in the 20 and 30wt% thermoplastic 
matrices may obscure the presence of the mass loss process observed in the lower
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thermoplastic concentrations. Therefore D values given in Table 9.5 must be treated with 
caution. A number of toughened specimens tended to crack and disintegrate during the 
absorption experiment, preventing calculation of D and Ms values for some of these matrices.
9.3.4 Sorption of 2-EHMA
Values of D and Ms are presented in Tables 9.7 and 9.8.
Matrix D (m2/s)
21 °C 30°C 40°C
Mix 1 RT Not possible to determine
Mix 1 HT Not possible to determine
Mix 2 RT 1.32x1 O'13 1.96x1 O'13 3.04x1 O'13 4.16x1 O'13 5.14x10*14 6.87x1 O'14
Mix 2 HT 1.39x1 O'13 1.58x1 O'13 2.79x1 O’13 - 4.34x1 O'13 -
Mix 3 RT 3.67x10*13 - 6.24x1 O'13 - - -
Mix 3 HT 4.88x10*13 - 6.22x1 O'13 - - -
Mix 4 RT 1.35x1 O'12 - 3.06x10‘12 - - -
Mix 4 HT 1.96x10*12 - - - - -
TGDDM-DDS Not possible to determine
+10%TP Not possible to determine
+20%TP Not possible to determine
+30%TP Not possible to determine
Epoxy/
piperidine
Not possible to determine
Epoxy/ 
piperidine 
with CTBN
Not possible to determine 9.06x10‘14 -
Table 9.7: Diffusion coefficients of 2-EHMA in adhesive matrices
A number of observations were made with respect to the absorption of 2-EHMA into DGEBA- 
POPDA Mixes. Uptake into the Mix 1 specimens was very low and these experiments were 
typified by large fluctuations in mass readings over time, making accurate determination of D 
and Ms impractical. RT-cured Mix 2 to 4 specimens exhibited increasing D with matrix flexibility, 
as seen for MMA. At 21 °C, the HT-cured adhesives exhibited the same trend but, unlike MMA
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adsorption, are generally higher than their RT-cured counterparts. This effect became more 
pronounced with increasing flexibility (-5% difference for Mix 2, to 30% for Mix 4). Only Mix 2 
specimens exhibited the two-stage diffusion process common for MMA absorption.
Matrix Ms(%)
21 °C 30°C 40°C
Mix 1 RT Not possible to determine
Mix 1 HT Not possible to determine
Mix 2 RT 25 23.4 25.4 '
Mix 2 HT 26.7 26.1 27.7
Mix 3 RT 31.5 31 -
Mix 3 HT 33.5 32.9 -
Mix 4 RT 54.1 52.1 -
Mix 4 HT 60.4 - -
TGDDM-DDS Not possible to determine
+10%TP Not possible to determine
+20%TP Not possible to determine
+30%TP Not possible to determine
Epoxy/
piperidine
Not possible to determine
Epoxy/ 
piperidine 
with CTBN
Not possible to determine 3.1
Tabie 9.8: % sorbed  m ass of 2-EHMA in adhesive m atrices
Diffusion into the TGDDM-based adhesives did not reach equilibrium within the time-scales 
employed. Non-toughened specimens exhibited an approximately linear increase in mass with 
time, while toughened specimens showed an initial mass loss followed by a gradual rise in 
mass. Behaviour of the toughened specimens was broadly similar irrespective of the proportion 
of thermoplastic present. The initial mass loss suggests a leeching of mass was occurring, as 
with MMA. Unlike during MMA diffusion however, these specimens did not undergo gross 
mechanical collapse, though they were appreciably more flexible. The ability of the matrices to 
cope with 2-EHMA suggests stresses generated during the diffusion are smaller. This may be 
due to less overall mass uptake. Alternatively the lower diffusion rate of 2-EHMA may allow
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sufficient relaxation of the polymer chains before the stresses cause cohesive failure.
Sorption values (Table 9.8) were high, though not as high as for MMA. If Mix 1 is ignored, a 
linear relationship between Tg and Ms is noted for both 21 °C and 30°C absorption.
9.3.5 Effects of temperature and matrix composition on diffusion parameters
The relationship between matrix properties and the diffusion coefficient were assessed for the 
DGEBA-matrices by utilising Tg as a measure of matrix properties relevant to diffusion i.e. 
degree of cross-linking and flexibility. Figure 9.3 graphically demonstrates how D changes with 
increasing Tg of the polymer under test for the three penetrants at 21 and 30°C. Where multiple 
diffusion rates were observed a mean value has been used.
Diffusion of the three penetrants at 21 °C is characterised by a broadly linear decrease in 
diffusion coefficient with increasing stiffness of the matrix up to ~60°C, where a more significant 
drop in D is observed. This correlates to diffusion into Mix 1 matrices. The actual change in Tg 
between Mix 2 HT (59°C) and Mix 1 RT (63°C) is small and the change in behaviour is therefore 
likely to be the result of the significant change in composition - i.e. no Jeffamine D2000 present 
in Mix 1 - rather than purely the degree of cross-linking. Behaviour at 30°C is less easily
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quantified as while 2-EHMA follows the same pattern, MMA appears to be following the linear 
trend across the range.
Figure 9.4 plots Ms against Tg. Water shows a broadly static uptake value, while both MMA and 
2-EHMA exhibit a general trend of decreasing Ms with increasing T0, with the exception of the 
negligible uptake of 2-EHMA into either Mix 1 matrix. Mix 3 RT represents a significant anomaly 
in both these plots, but it is not clear if this is and experimental error or a real effect.
Temperature dependance was assessed through calculation of activation energies (EA) using 
the Arrhenius equation (Equation 9.2). To solve the equation graphically, In D was plotted 
against reciprocal absolute temperature and a line of best-fit constructed. From this line, the 
pre-exponential factor, In D0, and the EA were determined. This approach was applied to all 
diffusion experiments for which at least two D values (i.e. two exposure temperatures) were 
known. Where systems exhibited a two-stage diffusion process, EA was determined for each 
step. Calculated values are given in Table 9.9.
The activation energy of water diffusion into Mix 1 HT is comparable to literature values for 
amine-cured DGEBA adhesives e.g. 25-45 kJ mol'1 [107, 108]. However similar data is not
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available for MMA or 2-EHMA.
Activation energies were calculated for penetrant MMA diffusion into the majority of the 
DGEBA-POPDA matrices using data from absorption experiments at 21 °C and 30°C. 
Comparison of the EA for the initial uptake stage shows a large variation in calculated values. 
In contrast to D and Ms> parameters, no trend has been determined to correlate EA and Tg.
A tentative trend was observed for 2-EHMA penetrant however, with the data for Mixes 2 and 
3 showing decreasing EA with decreasing Tg (ignores the high value obtained for Mix 4 RT). If 
this trend is correct, there is a significant change in behaviour between RT and HT cured mix 
3 matrices. If the reduction in activation energy is corelated with an increase in matrix free- 
volume and therefore enhanced hole diffusion, It suggests that there are greater structural 
differences between these matrices than indicated by Tg.
Matrix Ea (kJ mol’1)
Water MMA 2-EHMA
Mix 1 RT 86.7 / 99.5
Mix 1 HT 27.7 188.5
Mix 2 RT 9.7/46.7 68.6/61.9
Mix 2 HT 43.5 45.7
Mix 3 RT 194.3 44.1
Mix 3 HT 56.4 20.1
Mix 4 RT 68.0
Mix 4 HT 26.4
Piperidine/CTBN 91.1/14.1
Table 9.9: Activation energies of penetrant-matrix system s
These data should be considered with caution as the majority were calculated from just two 
data points (21 and 30°C) and therefore any inaccuracy in either data value will have 
significantly altered the calculated EA value. Furthermore, for many of these matrices, the 
diffusion process changed between the experimental temperatures with the result that data 
points for 21 °C may have been based on two-stage process, while at 30°C, the same matrix 
was characterised by a single diffusion coefficient. Under these conditions, the validity of the
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calculation must be questioned.
9.3.6 Molecular modelling
Comparison of the experimental diffusion data with predicted data from computer models 
revealed significant differences between the two approaches. Diffusion coefficients, determined 
by Dr. Porter of QinetiQ, were modelled by the free-volume approach for all three penetrants 
into DGEBA mix 1 and TGDDM-DDS (Owt% thermoplastic) matrices.
Methacrylate values were calculated by first predicting the behaviour of water and scaling for 
the size of the larger molecules (radius of gyration). The temperature assumed was to be 20°C. 
The values obtained are given in Table 9.10.
The accuracy of these results when compared to experimental values tabulated (Tables 9.3,
9.5 and 9.7) shows poor agreement. Prediction of D for water gave values that were too high 
by one or two orders of magnitude. For MMA and 2-EHMA the model underestimated the speed 
of diffusion - by five orders of magnitude in the case of the latter penetrant. The failure of 
modelling to predict the diffusion coefficient of these monomers suggests that geometric 
parameters are not sufficient to account for diffusion of these molecules.
Penetrant DGEBA mix 1
/ D (m V)
TGDDM-DDS
/ D (m2s‘1) i
Water 10*12 10’13to 10'14
Methyl methacrylate 10'18 to 10'19 10'19 to 10'20
2-ethyl hexyl methacrylate 10-22 IO*23 to 10-24
Table 9.10: Predicted diffusion coefficients from free volume molecular modelling 
9.4 Discussion
This discussion concentrates on the DGEBA-POPDA matrices owing to the minimal data 
successfully obtained for the other systems.
The ingress of water into DGEBA-POPDA matrices appears to be Fickian in nature. It is 
generally held that glassy polymers do not exhibit Fickian behaviour, but a number of exclusions
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relating to epoxide adhesive have been observed. The diffusion of the methacrylates into the 
these matrices is more varied. At 21 °C exposure temperature, MMA describes a sigmoidal 
process and thus two diffusion coefficients have been calculated for these experiments. This 
behaviour is less pronounced at 30°C, and while they do not match Fickian behaviour, the 
sigmoidal aspect has largely disappeared. Similarly some sigmoidal absorption has been 
observed with 2-EHMA, but this is restricted to Mix 2, even at 21 °C. The change from sigmoidal 
to pseudo-Fickian type behaviour would appear to be related to Tg. A combination of increasing 
experimental temperature and depression of Tg through plasticisation of the matrix would result 
in a diffusion occurring in, or close to the rubbery region. The required change in temperature 
differential would obviously be greater for the highly cross-linked matrices, accounting for their 
continued sigmoidal behaviour at increased temperature.
Water uptake had no appreciable effect on specimen dimensions, but swelling was observed 
to occur in all methacrylate diffusion experiments as may be expected considering the large 
equilibrium sorption masses determined. In some cases cracking was also observed. The 
sigmoidal behaviour may be a function of the ability of these penetrants to swell the matrix. 
Initial absorption can be accommodated in existing free-voiume of the matrix, but as a region 
of the specimen swells, it generates forces between it and unswollen areas. These forces 
increase the rate of diffusion, giving rise to the second, faster, stage. The change in diffusion 
behaviour with increased experimental temperature and/or decreasing Tg is a reflection of the 
increased mobility of the polymer chains In the matrix, which will allow for faster rearrangement 
and less hindrance to the diffusing molecules.
The relationship between diffusion coefficient and matrix type has been graphically 
demonstrated in Figure 9.3, where log (D) was plotted against Tg. The latter has been used as 
a measure of the degree of cross-linking and flexibility in the matrix. At 21 °C the behaviour of 
three penetrants can be split into two phases. There is a logarithmic trend of decreasing D 
value with increasing Tg, until Mix 1. Here a significant drop in D is observed. For water this is 
followed by a smaller subsequent increase in D for the HT-cured specimens, but for MMA a 
further decrease is observed. This change in behaviour is most pronounced for 2-EHMA, for 
which minimal uptake was observed into Mix 1 matrices. It appears that a critical level of 
flexibility or cross-linking exists, beyond which diffusion is restricted. Plotting the same data for 
the 30°C experiments shows no change for 2-EHMA but MMA now follows the logarithmic trend 
across the range. Unfortunately this data is not available for water. The improved diffusion
177
Diffusion studies
behaviour of MMA in Mix 1 implies that sufficient mobility has been gained to overcome this 
critical barrier. Despite plasticisation of the matrix and increased experimental temperature, it 
does not seem likely that the Tg of these materials will have been exceeded. It is possible 
however, that a secondary transition has been reached, granting greater freedom of motion to 
branched chains of the matrix polymer.
As can be seen in Figure 9.3, the diffusion rate of MMA does not appear to be hindered by its 
size, with coefficients of two to three orders of magnitude greater than water. Both MMA and 
water molecules are polar in nature and may therefore bind to polar groups on the polymer 
backbone e.g. hydroxyl, secondary amine, it is suggested that the size of MMA may contribute 
to its more rapid diffusion as, while not large enough to prevent migration, its size may restrict 
the formation of penetrant-matrix interactions that could otherwise slow diffusion. Figure 9.5 
(i) represents the structure of an epoxide-amine linkage, with the polar sites indicated by 
arrows. It is difficult to visualise more than one MMA molecule binding to a site in this region. 
The contribution of size to the diffusion of 2-EHMA is likely to be more straight forward. A 
significant difference between the two methacrylates is the alkyl chain in 2-EHMA. As well as 
increasing the overall size of the molecule, the chain will also have the effect of reducing the 
polarity of the molecule and potentially giving rise to physical interactions with the polymer 
matrix, through entanglements with mobile segments.
Anomalies in the sorption levels of water are observed for Mix 1 and Mix 4 HT-cured matrices. 
The various matrices typically absorbed around 3% by mass, for Mix 1 HT tested at 30°C, only 
2.5% increase was recorded. Considering the lack of equivalent data for the other matrices, it 
is difficult to reach any conclusions about this. However, the reduced sorption of Mix 4 HT is out 
of line with the equivalent test results for the other matrices. As Tg is similar to its RT 
counterpart, the reduction in Ms would not appear to be directly linked to the issue of cross- 
linking or post cure.
A lower Ms value could be indicative of a crystalline component, however evidence for a 
crystalline phase would have been observed during DSC and no such phase was identified. 
As it is assumed no significant change in the degree of cross-linking has occurred, an 
alternative effect of the elevated cure temperature on the matrix is proposed. The major 
reaction between epoxide and primary amine molecules is that between the epoxide ring and 
the primary amino group, which results in the formation of chain with hydroxyl group and
178
Diffusion studies
secondary amine. Further reaction can now occur at the chain ends where there will be another 
epoxide or amino group, or at the secondary amino group just formed. Due to stearic and 
energetic considerations however, it is favourable for primary amine to react in preference to 
secondary. If ideal stoichiometric amounts are present, the cure will predominately be primary 
amine to epoxide and the resulting polymer chains will incorporate largely secondary amino 
groups. It is suggested however, that the combination of elevated cure temperature and the 
flexibility of the forming chains may help overcome some of the stearic effects preventing a 
greater degree of tertiary amine formation. This would have the effects of increasing chain 
branching and, importantly for diffusion, altering the nature of water binding sites.
The three structures in Figure 9.5 demonstrate the variation in binding sites that can arise by 
altering the nature of the reaction. Structure (i) is the result of reaction between an epoxide and 
amino constituent molecules to form a secondary amine. This is the ideal case where 
stoichiometric amounts are present. Structure (ii)a is the result of reaction of (i) with a second 
epoxide group, giving rise to the tertiary amine. Where (ii)a is present and stoichometric 
amounts of reactants have been used, then (ii)b is expected to exist as insufficient epoxide will 
be available to react with every primary amine.
Each arrow indicates a potential binding site for a water penetrant molecule - i.e. hydroxyls 
(through the oxygen or hydrogen), amino hydrogens and the nitrogen lone pair - and each 
structure has three possible sites. The relative ease with which water can bind to these sites 
varies however. Of the three sites in structure (i), the hydroxyl and secondary amino hydrogen 
sites will be more favourable than the nitrogen lone pair, but given the relatively linear nature 
of this structure, all will be accessible to water molecules. Structure (ii)a differs in the loss of the 
secondary amino hydrogen and the more restricted nitrogen atom, hindering approach to its 
lone pair. The former is compensated in part by the presence of the second hydroxyl group, 
however the branching group will act to increase stearic hindrance of the sites. Structure (ii)b 
is a chain end and the lack of substituents will make it readily accessible to diffusing molecules. 
The close proximity of these sites however will result in hindrance after the first water molecule 
is bound, making the use of all three sites unlikely. Therefore an increased level of secondary 
amine reactions may lower the number of favourable binding sites. Given the size restrictions 
on binding for methacrylate penetrants, an alteration in chemistry is unlikely to significantly alter 
the degree of binding. This theory has not however been tested.
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is the epoxide constituent fragment and R2 the amine fragment.
Some anomalus Ms values were also obtained for MMA. Three matrices exhibited a reduction 
in mass uptake when absorption was carried out at 30°C, when compared to data recorded at 
21 °C. Two of these matrices are RT-cured and so the argument proposed above does not 
appear to be applicable. A broad correlation between sorption level and Tg was observed in 
Figure 9.4 however, with a decrease in Ms with increasing Tg.
Comparison of the amount of penetrant absorbed is more significant if the concentrations 
concerned are considered. Table 9.12 demonstrates the differences in penetrant concentration 
for Mix 3 HT.
As relationships were identified for D - Tg and Ms - Tg, it was expected for EA - Tg. 2-EHMA 
diffusion appears to show some correlation between the two parameters, EA increasing as Tg 
increases and fits the idea that increasing Tg reflects a decreasing ability of the matrix to 
accommodate motion of the penetrant. There is a significant deviation however with Mix 4 RT, 
but whether this real or an error is unclear. The possibilities of a relationship of a similar form 
for MMA diffusion is less clear. Energies determined do not appear to follow a trend, though the 
behaviour of Mix 1 HT and Mix 4 HT matrices do seem to fit, in that the former is very high, 
reflecting the low diffusion coefficient observed and the latter is quite low. EA for Mix 3 RT was 
however determined to be greater than that for Mix 1 HT however, while Mix 2 RT is extremely 
low. The random appearance of this data suggests that there are errors in the calculations. Two
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possible sources of such error are identified. Firstly, comparison of the data in Table 9.9 is not 
strictly “like for like”. While all these matrices displayed a sigmoidal uptake at 21 °C, this 
behaviour had altered at 30°C, so that a single diffusion coefficient was adequate to 
characterise the absorption for many of these matrices. The data therefore may represent more 
than the diffusion process itself, but potentially morphological changes to the adhesive. The 
second possible source applies to all these experiments. With a few exceptions, the Arrhenius 
equation was solved using two points, which does not allow for the identification of suspect data 
and thus any error in one set of experiments will substantially skew the calculated value of EA. 
As such the value of the data in Table 9.9 is doubtful.
Penetrant Moies present in 
10g of adhesive
Water 0.017
MMA 0.055
2-EHMA 0.017
Tabie 9.12: Penetrant concentrations
Errors in the computer modelling of'these penetrants are attributable to the reliance of the 
model on geometric factors to characterise the mobile phases. Interaction between the 
penetrants and adhesive is likely however and the model does not account for specific 
interactions such as binding and swelling. The overestimation of water diffusion rate may be 
attributable to the former case. Binding of significant numbers of penetrant molecules may 
retard diffusion rate. The computer model is limited to simulating the diffusion of a single 
molecule and cannot therefore account for the swelling effect another penetrant molecule may 
have on its diffusion. Given the appreciably swelling observed on the macro scale, this effect 
may be significant to the diffusion of these materials.
In summary, all three penetrants were capable of diffusing through these DGEBA-POPDA 
matrices with the notable exception of 2-EHMA and Mix 1. General trends were identified for 
decreasing D and Ms values with increasing Tg, though a number of exceptions were noted. The 
apparent inability of 2-EHMA to diffuse through the model adhesive is significant if an LCA is 
to be achieved by combining the most promising capsule, PECA{2EHMA}, with a basic 
adhesive. Sorption levels are significant to the amount of repair material required, as allowance 
for lost penetrant must be made.
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Chapter 10 - Lifetime compensating adhesive
10.1 Introduction
This thesis has demonstrated the possibility of encapsulating a candidate repair material, 2- 
ethyl hexyl methacrylate (2-EHMA), and its incorporation into a model adhesive matrix, based 
on a common diglycidylether of bisphenol-A (DGEBA) resin. Limitations of the capsules 
themselves and the capsule-adhesive system were identified by conducting various 
experiments and analyses.
The diffusion of candidate repair materials, including 2-EHMA, were studied gravimetricaliy and 
it was observed that diffusion of these species through various DGEBA-based adhesives was 
feasible, despite the predictions of computational modelling. Significantly however, diffusion of 
2-EHMA through the main adhesive matrix used in the incorporation tests was extremely slow, 
implying limitations to this material as a repair system.
In this Chapter, the work that has been performed is reviewed and discussed, and a model of 
a lifetime compensating adhesive is considered with respect to the repair process.
10.2 Summary and discussion
10.2.1 Encapsulation
The feasibility of encapsulating three candidate materials as repair adhesive components for 
a lifetime compensating adhesive was assessed. The proposed encapsulation experiments 
identified in Chapter 4 (Table 4.2) generally proved less suitable than anticipated - only 
interfacial encapsulation of methyl methacrylate (MMA) was successfully achieved. A more 
promising approach was developed however and used to encapsulate 2-EHMA.
The preparation of 2-ethyl cyanoacrylate capsules was hampered by an inability to form 
completely coated particles of the polymer and the tendency of the encapsulant materials to film 
formation, inhibiting particle recovery. Encapsulation of methyl and 2-ethyl hexyl methacrylates 
via a complex coacervation failed, apparently at the cross-linking stage, though dispersion of
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the encapsulate may have played a role. It is also possible that the two coacervates failed to 
form around the droplets.
Capsules of MMA were prepared using an interfacial polymerisation technique, in which a linear 
polyamide capsule wall was formed. These proved difficult to handle however owing to poor 
mechanical strength. A number of options for optimisation existed, but this process was not 
pursued owing to the development of an alternative technique which readily encapsulated 2- 
EHMA. This technique was based on the preparation of poly(2-ethyl cyanoacrylate) 
microspheres as described in Chapter 5 and bore similarities to in-situ polymerisation. For this 
reason it has been called in-situ encapsulation. When employed with MMA, it did not form an 
encapsulated product, but solid microspheres which, to casual observation, exhibited improved 
bulk mechanical strength over those obtained in Chapter 5. Changes in surface energy 
characteristics were determined, with a higher overall ys but lower polarity, compared with 
poly(ethyl cyanoacrylate) (PECA). Spreading coefficients indicated that these microspheres 
would be more readily wettable by epoxide-based adhesive, though still not thermodynamically 
favourable in most cases. While the formation of these modified microspheres was not directly 
relevant to the development of a lifetime compensating adhesive, they have demonstrated the 
possibility of improving properties of PECA and this may be applicable to the in-situ 
encapsulation of 2-EHMA, as discussed below. The composition of these microspheres was 
not determined and arguments for a PECA homopolymer or a PECA-MMA copolymer have 
been proposed. None of the analyses performed were able to confirm either situation. However, 
literature reference to modification of ECA properties by acrylates and methacrylates implies 
that copolymerisation would require a heat treatment [88]. Ultimately this could be resolved by 
mass spectroscopy and nuclear magnetic resonance (NMR).
The encapsulation of 2-EHMA was achieved via the in-situ encapsulation route. This technique 
was straightforward and rapid, however the capsule sizes obtained were far in excess of 250//m 
with wide size distributions of 200-300//m. Other limitations discovered were the weakness of 
capsule walls at higher 2-EHMA loadings and the poor thermal stability of capsules. Numerous 
iterations were performed to reduce capsule size and concentrated on four variables: the nature 
and speed of agitation; feed mixture composition; feed nozzle size and presence of a dispersion 
aid (i.e. surfactant). All these variables appeared to contribute to some degree to the formation 
of smaller capsules, but the best average sizes achieved for stable capsules were still high at 
340/mi (Table 6.11).
183
Lifetime compensating adhesive
The failure of the homogeniser to form capsular product appeared to be due to its 
aggressiveness, destroying forming capsules even in the relatively short time period in which 
it was used. From this it was surmised that wall formation was initiated in the first few seconds 
of dispersion and thus all iterations had to achieve a suitable droplet size rapidly. It is suggested 
therefore that the most likely means to achieve smaller capsule sizes (and possibly reduced 
size distributions) would be by extending this time. In Chapter 5, a means of delaying the 
polymerisation of PECA was identified in the preparation of microspheres. Acidification of the 
continuous phase resulted in retardation of the polymerisation.
The use of a smaller feed nozzle apertures exhibited potential but the smallest size used was 
unable to introduce feed mixture into the continuous phase. Preliminary tests using a 
submerged nozzle and carrier gas failed to produce a suitable product. It was felt however that 
this approach may be successful with more appropriate equipment, such as industrial spray 
nozzles. There are a wide range of such nozzles that could be employed to break-up the feed 
mixture. As well as reducing the size of the initial droplets, these nozzles can be used to form 
a cone of droplets rather than the single stream previously obtained and thus increase the 
potential throughput. The requirement for a submerged nozzle remains. Again, inhibition of the 
polymerisation process should help, in this case preventing the “streaming” noted in previous 
experiments.
Feed mixture compositions were varied to maximise the loadings achievable, but it was found 
that volume ratios in excess of 1:1 in favour of the methacrylate produced capsules of poor 
handling strength. If the thickness of the capsule walls is considered this becomes self-evident. 
A 250//m diameter capsule formed from a 1:1 volume feed mixture (assuming the final volume 
ratio is unchanged) encloses a total volume of 8.2 x 10’12m3. This equates to a core of just 
under 20Q//m in diameter and therefore a wall thickness of 25pm. The same size capsule 
formed from a 75% 2-EHMA feed mixture would only have a wall thickness of 12.5pm  and for 
90% 2-EHMA, a wall thickness of 5pm. Increasing loading is however desirable as it will reduce 
the number of particles required to incorporate a given amount of repair material, which will 
have cost and performance benefits. To do so however, the shell needs to be more resilient. 
One method of achieving this may have been identified through the failed in-situ encapsulation 
of MMA, resulting in the apparently toughened microspheres discussed above. Application of 
the microsphere process to an encapsulation approach is likely to encounter some problems, 
specifically with the miscibility of the two methacrylates. Looking at this from a different
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perspective, it may be possible to exploit the ability of PECA{2EHMA} to form capsules to 
encapsulate MMA, using 2-EHMA as a solvent for this methacrylate.
The potential of PECA{2-EHMA} microcapsules to release in response to a moisture trigger was 
investigated. Initial results suggest that the methacrylate will release from capsules on exposure 
to water, while remaining stable in dry conditions. This behaviour was observed on immersion 
and therefore is not directly correlated to the lifetime compensating adhesive environment, 
where the concentration of water would be significantly lower. This result is also significant in 
light of the preparation of these capsules, which involves formation in a continuous phase of 
water. This implies therefore that the loadings in these capsules will be dependent on 
preparation time. Immersion of these capsules in water did not visually alter the integrity of the 
capsule and release is therefore thought to be the result of porosity of the capsule wall. Dry 
storage of capsules only resulted in content loss for specific experiments, and therefore the loss 
of encapsulate under immersion would appear to rely on the presence of a solvent phase.
10.2.2 Microparticle incorporation
The poor thermal stability of PECA microspheres and PECA{2-EHMA} microcapsuies became 
evident when these particles were incorporated into the model adhesive matrix identified in 
Chapter 4. The former were used as a test of the ease with which particles would disperse into 
this adhesive, their stability during cure and the ease with which the polymer could be 
depolymerised in-situ.
Addition of PECA microspheres to the model adhesive identified problems with dispersion and 
thermal stability, both during and after cure of the primary adhesive. By completion of cure, 
particulates had separated to one of the two casting faces. The presence of particles at both 
faces suggested the primary cause of this separation was the kinetics of adhesive cure itself 
rather than an issue of buoyancy or poor compatibility. The thermal stability of PECA was 
identified as a problem at higher cure temperatures, no visible microspheres or capsules 
existing where the cure exotherm reached ~140°C, which broadly agreed with the 
depolymerisation temperature of PECA determined by thermal analysis. Microspheres 
incorporated into the model adhesive and subjected to a lower temperature cure proved slightly 
more resilient to subsequent ageing, surviving exposure at 150°C. Temperatures of 180°C and 
200°C were shown to depolymerise the PECA and to rapidly migrate through the adhesive, as
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demonstrated by the “puddling” effect adhering the cured epoxide block to the petri dish.
The ability of the sphere-containing adhesive to adhere in this manner was a good 
demonstration of the potential of ECA as a repair component. However, the requirement for 
temperatures of the order of 180°C is likely to degrade the primary adhesive and the proposed 
encapsulants (Ge-Ac copolymer or PVOH), Even if the capsule maintains its integrity in the 
depolymerisation stage, it is not known whether it will restrain the monomer from a diffusion 
perspective. The immediate diffusion of ECA is not desired for a lifetime compensating 
adhesive. This behaviour suggests that PECA/ECA would be well-suited to a thermally activated 
role, perhaps with a higher temperature adhesive matrix, such as TGDDM-DDS, if cure 
schedules can be tailored to prevent an accidental triggering of the repair component.
As would be expected, capsules proved equally susceptible to higher cure temperatures as the 
microspheres. However ageing of individual capsules indicated that lower temperatures (100°C) 
were sufficient to cause a reaction between encapsulate and encapsulant, limiting them to a 
greater extent than the microspheres.
Incorporation has highlighted two major problems with the inclusion of microcapsules into an 
adhesive - dispersion and thermal stability. Estimation of the spreading coefficient, S, indicated 
that wetting of a PECA surface was not favourable, though comparison of S for two commercial 
adhesives (Tables 7.5 and 7.6) demonstrated the importance of adhesive formulation. The 
presence of MMA, and to a lesser extent, 2-EHMA, during polymerisation of ECA alters the 
surface energy of the resulting polymer and enhances wettability. Thermodynamically, adhesive 
spreading is still not or only marginally favoured, but a shift towards positive values of S were 
noted. A second possible exploitation of the ECA/MMA work from Chapter 6 is therefore 
identified.
10.2.3 Diffusion
The gravimetric determination of D and Ms parameters for water, MMA and 2-EHMA penetrants 
in numerous matrices were performed with varying degrees of success. Two factors inhibited 
the accurate observation of methacrylate sorption into TGDDM-based matrices - the large 
amount of mechanical damage caused by MMA and the initial mass loss, slow mass gain 
exhibited by matrices exposed to 2-EHMA. However substantial data was obtained for all three
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penetrants with the DGEBA-POPDA mixes.
The greater degree of flexibility of these matrices as the proportion of Jeffamine D2000 to D230 
rose was reflected by increasing D values. This was observed for all penetrants and implied 
that cross-linking acted as a hindrance to the diffusion of these species. A similar trend was 
observed for MSJ with larger masses of penetrant being absorbed by the more flexible matrices. 
There were a number of exceptions to this however. Water diffusion into Mix 4 HT exhibited a 
reduced equilibrium uptake value, compared with the other matrices. It was proposed that this 
may reflect a deviation in cure process from that observed for the RT specimens, despite the 
similar Tg. Elevated sorption temperatures resulted in higher D values and comparable or higher 
Ms values. Specific anomalies in Ms were noted with water-Mix 1 HT and MMA-Mix 2 RT, MMA- 
Mix 3 RT and MMA-Mix 4 HT, all of which were appreciably lower than ambient values. No 
specific process can be offered as explanation for these observations.
The diffusion plots for water-DGEBA mixes exhibit Fickian behaviour and experimentally 
determined D values correlate well with molecular modelling, the only differences being noted 
with Mix 1, where the extent of cross-linking is at its greatest. MMA sorption into these matrices 
however is characterised by a two-stage sorption process, following a sigmoidal curve, and a 
large degree of specimen swelling, which resulted in visible mechanical damage to the 
matrices. This cracking supported the idea that stresses inside the matrix could cause 
microcracking, accounting for the two diffusion processes observed. Diffusion rate increased 
with flexibility of the matrix as did equilibrium sorption, with the aforementioned exceptions. 
MMA diffused more rapidly than water and much more rapidly than modelling predicted. The 
inability of the modelling to predict the diffusion coefficients for these penetrant-matrix 
combinations implies that the processes involved are more complicated than can be explained 
by simple consideration of penetrant molecule size. The high degree of swelling and large 
saturation level suggest extensive interaction between penetrant molecules and polymer chains, 
which were not modelled.
Sigmoidal behaviour was observed for Mix 2 matrices immersed in 2-EHMA, but the remaining 
matrices all exhibited Fickian or pseudo-Fickian behaviour. Swelling was not pronounced with 
2-EHMA immersion, but increasing flexibility - indicative of plasticisation - was noticeable. With 
the most densely cross-linked matrices (Mix 1), diffusion was extremely slow and negligible 
sorption was recorded, while increasing flexibility correlated with increasing D value. These
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observations indicate that size is a significant factor for 2-EHMA diffusion.
Owing to the difficulties inherent in handling ECA monomer, no detailed diffusion studies were 
performed, however thermal depolymerisation of the PECA microspheres within a cured 
epoxide sample showed rapid diffusion of ECA, albeit at elevated temperatures.
10.3 Model of microcapsule-based lifetime compensating adhesive
10.3.1 The repair process
The process by which a lifetime compensating adhesive can undergo repair involves numerous 
stages, only some of which have been addressed in the experimental programme of work. In 
particular, the mechanism of release and the actual repair have not been considered in detail. 
Assuming the successful preparation of an adhesive joint using a LCA system, five steps can 
be identified in the mechanism, as listed below.
• absorption of water into the adhesive joint and subsequent diffusion to the substrate- 
adhesive interface and capsules dispersed throughout the bond-line;
• generation of interfacial defects;
• triggering of repair component release;
• diffusion of repair component through the matrix adhesive;
• arrival of repair component at interfacial defect site and potential repair.
There are a number of unquantified factors arising from this list such as the rate of zero-volume 
unbond (ZVU) formation and their growth rates; level of moisture required to generate such 
defects; level of moisture required to trigger release of repair phase; effect of water in the 
adhesive matrix and at the interfacial defect on rates of diffusion and repair of the encapsulated 
material. These factors have not been addressed in this study, but in the model, some 
assumptions will be made, based on estimations of the situation within a LCA joint.
The use of water as the trigger for release of the repair component ensures that the latter only 
occurs when and where the potential for degradation exists. To form a truly smart adhesive 
however, release and subsequent repair needs to occur within a specific time-frame and this 
will be defined by the rates of the five steps listed above. Should repair material be released
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prior to the formation of a defect, there will be the potential for plasticisation of the adhesive and 
eventual loss of repair material as molecules reach joint edges and enter the surrounding 
environment. Conversely if defects have been established and are able to expand before arrival 
of the repair material, then a repair may be ineffectual. In simple terms, the greater the time 
elapsed between formation of a defect and the arrival of repair material, the larger the repair 
that will be required.
Owing to the uncertainty surrounding the dimensions of a ZVU, it is difficult to determine a 
typical defect size and thus the required capacity of the repair phase.
10.3.2 Structure of a lifetime compensating adhesive jo int
In its simplest form a LCA joint will consist of the adhesive, such as a two-component epoxide, 
and an encapsulated repair phase. Critical factors to the success of a LCA will be the dispersion 
of the capsules throughout the layer, their numbers and size.
As many fillers are incorporated into an adhesive to alter its bulk properties (e.g. viscosity, sag 
characteristics), it is desirable for them to be thoroughly mixed and uniformly dispersed 
throughout the adhesive. The capsules have a more specialised role however, and advantages 
can be identified with both uniform and non-uniform dispersions. A uniform dispersion will 
ensure that there is a good probability of a capsule being located in the region of a defect. 
Furthermore, any effects the capsules will have on the bulk properties of the adhesive will be 
relatively dispersed and even. However, as the purpose of these capsules is to mitigate 
interfacial damage before it becomes critical, the concentration of capsules towards the 
interfaces may be preferably as it potentially reduces the response time of the system. Should 
moisture ingress (as the trigger mechanism) be localised to the interface, it increases the 
opportunity for release.
Incorporation experiments (Chapter 8) suggest that preferential separation of capsules to the 
interfacial regions may be readily achieved, however their presence at the actual surface in 
place of adhesive resin would decrease the effectiveness of the adhesive as the particle would 
effectively act as a disbond region itself. Another consequence of uneven capsule dispersion 
would be the differences in properties of capsule-rich and capsule-poor areas.
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10.3.3 Model of the repair process in a lifetime compensating adhesive
10.3.3.1 The LCA joint
By constructing a simple model of a lifetime compensating adhesive, it should be possible to 
assess the feasibility of the idea. Figure 10.1 represents part of a LCA bond-line, with a 
cylindrical defect represented by the white region of diameter, D„ and thickness, D2. The bond- 
line is of thickness I, while the capsule has an overall diameter of C, and internal reservoir 
diameter (i.e. the repair material volume) of C2. It is assumed to be positioned so that it is cut 
through the centre by the line, 1/2 (hashed line) and that it is symmetrical about this line. The 
distance between the capsule and each substrate is defined by g.
Figure 10.1: Schematic of adhesive jo in t with interfacial defect and a capsule located in the
region of the defect.
In this form, diffusion is quite complex as the spherical nature of the capsule suggests diffusion 
will occur in all directions. The available data however, was obtained for diffusion in a single 
axis. An approximation of this state can be reached by assuming that capsules form a single 
continuous layer in the centre of the bond-line, in contact with neighbouring capsules. Now net 
diffusion will only occur in the through thickness axis of the joint. The model can be further 
simplified by cutting through the mid-point of the capsule layer, as marked in Figure 10.1 by the
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hashed line, and considering one half of the joint.
Finally it is necessary to specify the type of capsule and adhesive. It is assumed that the 
adhesive is Mix 3 RT and the capsules are PECA{2EHMA}, as prepared via Run 13. By 
specifying Mix 3 RT, the diffusion of 2-EHMA is represented by a single diffusion coefficient (D 
= 3.67x1 O'13 m2s‘1). The average diameter (C,) of a Run 13 capsule was 350//m (Table 6.11). 
The diameter of the internal reservoir (C2) was determined as 230ji/m, based on the volume of 
2-EHMA present in the capsule, as calculated from TGA (first mass loss plus half the residual 
mass).
10.3,3.2 Diffusion of repair material
If the capsule under consideration is at the centre of the layer so that it is equidistant from the 
edges of the joint, then converging moisture diffusion fronts should reach the capsule almost 
simultaneously and release would be triggered uniformly across the capsule.
With time, a diffusion front will proceed until it reaches the substrate which is assumed to be 
impermeable to the penetrant. Further diffusion will occur until a uniform concentration is 
reached across the volume of adhesive described by the diffusion front. This will approximate 
to a cylinder of equal diameter to the capsule and a height Z/2 as defined by the hashed vertical 
lines in Figure 10.1.
Figure 10.2 is a sketch representation of the profile of penetrant concentration with distance 
through the adhesive, assuming that diffusion only occurs through one face. Diffusion will be 
driven by the difference in chemical potential between the capsule and adhesive layer, until no 
more penetrant remains in the capsule. As time progresses the line in Figure 10.2 will tend 
towards a straight-line at y= 1. The blue curve represents the first molecules arriving at the 
interface.
An estimate of the time for this to be achieved can be made, if it is approximated to a straight 
line, then the system has reached half the saturation level (Mg/2). For a bond-line thickness (/) 
of 500yum at 21 °C, the time to reach M./2 is calculated as -9.3 hours, using Equation 9.1. 
Complete saturation is reached after 93 hours.
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Figure 10.2: Concentration profile of 2-EHMA between centre of capsule (1/2) and substrate
(0)
If it all diffuses from the capsule, the quantity of 2-EHMA present will be sufficient to achieve 
-9.3% mass uptake in the adhesive layer - about one-third the equilibrium uptake recorded for 
this penetrant-matrix combination (31.5%). However, some material is expected to remain 
in the capsule (an empty capsule would set-up a gradient in reverse) and some will diffuse into 
the void that is the defect. If the dimensions of the defect are 350/ym (D,) and 10nm (D2), its 
volume is 9.62x10'16m3. Even if completely filled therefore, the amount of 2-EHMA removed 
from the adhesive is minimal in comparison to the volume available in this capsule. While this 
can be viewed as a positive feature, in that only a small amount of repair material needs to 
reach the defect, significant levels of methacrylate will remain in the bond-line and with this the 
associated risks of plasticisation.
The defect is one of two voids present in the model, the other being the capsule itself. The 
preferential aggregation of penetrant in the voids would favour higher concentrations in the 
capsule itself and the concentration profile might therefore be expected to resemble the line in 
Figure 10.4 where the capsule is at a distance of 0 and the defect at 1/2.
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At this stage the role of water has been to initiate release and generate a defect. It is still 
possible that water is present in the matrix, in which case it too may aggregate in voids and will 
be present throughout the adhesive. It may therefore alter the concentration distribution and 
diffusion parameters of the methacrylate. Another error therefore arises, as the diffusion 
behaviour of 2-EHMA was assessed for penetration of dry adhesive samples i.e. water had 
been removed.
10.3.3.3 The repair
This thesis has not considered the polymerisation of the repair component in detail, but it will 
be discussed here briefly.
Assuming the repair material arrives at the site of a defect, it will need to cure (i.e. polymerise) 
to complete the repair. Methacrylates can homopolymerise but, unlike EGA, this is not so readily 
initiated and an activating agent is required. Methacrylate polymerisation can occur via an 
anionic or free-radical process.. Anionic polymerisation (Figure 10.5) is initiated by the addition 
of a negatively charged species to the pendent unsaturated carbon of the monomer to form a 
carbanion. A second monomer molecule adds to the charged centre, the charge transferring 
to the new chain end.
CH
■C
/ 3
H2N } — 0
0
\ 
c h 3
(i) = NH2- (ii) = c h 3c .c h 2c .o o c h 3
Figure 10.5: Anionic polymerisation o f methyl methacrylate.
Typical initiators are potassium amide (as in Figure 10.5), n-butyl lithium or alkyl magnesium 
bromides. Polymerisation is extremely rapid but is susceptible to impurities such as water, 
oxygen and alcohol which neutralise the charged species. Furthermore dissociation requires 
the presence of a suitable solvent. These factors make anionic polymerisation commercially
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unfavourable and it is not seen as a feasible approach to an LCA.
Commercially, free-radical polymerisation (Figure 10.6) is the favoured approach to 
polymerising methacrylates. An initiator is dissociated to form radicals which then add to a 
monomer molecule. The product remains a radical, allowing for continued addition, until 
terminated by the combination of two radicals or the disproportionation - the abstraction of a 
hydrogen from one radical species to give saturated and unsaturated end-group species.
There are a number of routes to promoting the dissociation of the initiator, but most commonly 
a thermal decomposition or photolysis is utilised. Thermal decomposition is typically employed 
with peroxides (e.g. benzoyl peroxide) or azo compounds (e.g. 2,2-azobis(diisobutyronitrile) - 
AIBN). Thermal decomposition requires temperatures between 50-100°C. Photolysis is initiated 
by irradiation of an azo initiator (such as AIBN) in the region of 360nm. Redox reactions can 
also be employed to generate radicals, as can the decomposition of persulphates. Some 
peroxides can be dissociated by the action of another chemical, e.g. dihydropyridine.
These routes have various drawbacks. Thermal decomposition requires the input of heat to 
trigger the polymerisation and therefore the repair process becomes an active one. Radiation 
requires transparency to UV wavelengths and would therefore only be feasible with a very small 
range of substrates, and certainly not metallic ones. Redox and persulphate decomposition 
reactions occur in solution and are therefore not relevant. Chemical activation of the initiator 
presents problems with respect to the design of the joint. The activator cannot be incorporated 
into the same phase as the peroxide without spontaneous activation.
CH3 c h 3 h 3c c h 3
(i) = R," (ii) =  CH3C.CH2C.OOCH3 
Figure 10.6: Free-radical polymerisation of methyl methacrylate
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Despite these drawbacks both thermal decomposition and chemical activation are considered 
as possible approaches to affect the repair. Thermally decomposed initiator could be selected 
based on the expected operating conditions of the adhesively bonded structure, so that 
activation of the peroxide occurs during temperature excursions. This would obviate the need 
for external interference, but is highly dependent on the structures application. Furthermore the 
lifetime of the initiator would need to be assessed against repeated activation. Chemical 
activation removes reliance on external conditions. Its exploitation is restricted by design 
considerations. In commercial systems, initiator and activator are separated by including the 
former in the methacrylate (e.g. Permabond F246). The activator is then applied as part of a 
primer to the substrates. In an LCA however, inclusion of the peroxide in the methacrylate will 
not guarantee its presence at the site of a defect. If it is part of the primer, then premature 
activation may arise, and again the lifetime of the peroxide would need to be assessed.
It may be possible to adapt approaches from other applications. For example, the use of 
Grubb’s catalyst to polymerise dicyclopentadiene (as referred to in Chapter 2).
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Chapter 11 - Recommendations for further work
11.1 Continued development of in-situ encapsulation and other encapsulation 
techniques
Probably the single most important limitation of this process is the size and size distribution of 
the capsules formed. Optimisation of the process is most likely to be achieved by improving the 
initial dispersion of the feed mixture, possibly through the use of spray (atomiser) nozzle, 
stabilisers to prevent rapid polymerisation or preventing droplet damage during high speed 
agitation. 2-EHMA loadings can be increased if the capsule wall was thinned, however, the 
thinner walls explored in this programme were of insufficient strength to allow for handling. It 
may be possible to overcome this by addition of MMA to toughen the PECA.
Interfacial polymerisation was not extensively explored in this programme, but was successfully 
employed to encapsulate MMA. In order to exploit this, suitable polyester/polyamide walls 
polymers need to be developed - i.e. moisture triggered release, adequate containment over 
long durations.
11.2 Refinement of the lifetime compensating adhesive concept
The basic concept of a lifetime compensating adhesive on which this work has been based as 
largely concerned with a means of including a self-repair agent in a structural adhesive and the 
release and subsequent diffusion of that agent. The mechanism by which a repair agent would 
actually cure when in the defect was not explored in detail. The discussion in Chapter 10 has 
highlighted some difficulties in the cure of a methacrylate system without recourse to external 
initiation (e.g. thermal treatment). More detailed consideration of the cure mechanism is 
therefore required to ensure that continued development results in a truly self-repairing 
adhesive.
The first stages in the preparation of a lifetime compensating adhesive were taken in this 
programme, but extensive testing with respect to release and repair was not possible within the 
timescales. Completion of this task is invaluable to the continuation of the development as it will 
prove the validity of the principal and determine extant problems that may be encountered.
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Appendix A - Chemical structures
A.1 Adhesive components
A.1.1 Diglycidyl ether of bisphenoi A (DGEBA)
The commercially available DGEBA resin, Epikote 828 (Resolution Products, UK) was used.
O
/
/  \ /  w
A.1.2 Poly(oxypropyl) diamine (POPDA)
Jeffamine D230 (Huntsmann Corporation, NL) was used as the curing agent for Epikote 828.
HpN
2.6
A.2 Encapsulates
A.2.1 2-ethyl cyanoacrylate (ECA)
EGA was used as the commercially available adhesive formulation, C1 (Permabond, UK). This 
is a basic formulation consisting of the monomer, ECA, and stabiliser sulphur dioxide dissolved 
in the liquid.
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A.2.2 Methyl methacrylate (MMA)
MMA (Sigma-Aldrich, UK) was supplied with a small amount of stabiliser, monomethyl quinone, 
as a free-radical inhibitor to prevent polymerisation in the container. This was removed before 
use by washing the monomer with 10%w/v solution of NaOH.
A.2.3 2-ethyl hexyl methacrylate (2-EHMA)
2-EHMA (Sigma-Aldrich, UK) was also supplied with a small amount of monomethyl quinone. 
This was removed in same manner as for MMA.
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A.3 Encapsulants
A.3.1 Diethylene triamine (DETA)
DETA (Sigma-Aldrich, UK) was employed as one of the reactive species in an interfaciai 
polymerisation (Section 6.22).
A.3.2 Isophthaloyl dichloride
Isophthaloyl dichloride was used with DETA (A.2.1) and POPDA (A.1.2) in an interfaciai 
polymerisation encapsulation procedure (Section 6.2.2)
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A.4
A.4.1
Other structures
Sodium Alginate
O.VONa
v
OH O
o-
y \
OH OH
O'
- O
CT ONa
■O
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Appendix B - Thermal analysis of experimental products
Tem perature (°C)
Figure B. 1: DSC of PEC A microspheres
Figure B.2: TGA of PECA microspheres
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Figure B.3: TGA of MMA-modified PEC A microspheres
Figure B.4: DSC of PECA(2EHMA} microcapsules
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Figure B.5: TGA of PECA(2EHMA} microcapsules
Figure B.6: DSC of PVOHfPECA} microcapsules compared to PVOH and PECA
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Figure B.7: TGA of PVOH{PECA} microcapsules compared to PVOH and PECA
Figure B.8: DSC of PECA-2-EHMA mixture
209
Appendix B
Figure B. 10: DSC of PECA-Jeffamine D230 mixture
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Figure B. 12: DSC of 2-EHMA-Jeff amine D230 mixture
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Appendix C - Adhesive compositions and diffusion plots
A total of 14 adhesive matrices were employed in the diffusion experiments. Their formulation 
and cure schedules are given in Table C.1 below.
Adhesive Com position (percent by weight) Cure schedule
DGEBA mix 1, RT cure Epikote 828 = 75.9 
Jeffamine D230 = 24.1
48 hours at 21±2°C
DGEBA mix 1, HT cure Epikote 828 = 75.9 
Jeffamine D230 = 24.1
18 hours at 100°C
DGEBA mix 2, RT cure Epikote 828 = 55.3 
Jeffamine D230 = 14.1 
Jeffamine D2000 = 30.6
48 hoursat21±2°C
DGEBA mix 2, HT cure Epikote 828 = 55.3 
Jeffamine D230 = 14.1 
Jeffamine D2000 = 30.6
18 hours at 100°C
DGEBA mix 3, RT cure Epikote 828 = 48.7 
Jeffamine D230 = 10.8 
Jeffamine D2000 = 40.5
48 hours at21±2°C
DGEBA mix 3, HT cure Epikote 828 = 48.7 
Jeffamine D230 = 10.8 
Jeffamine D2000 = 40.5
18 hours at 100°C
DGEBA mix 4, RT cure Epikote 828 = 35.9 
Jeffamine D230 = 4.6 
Jeffamine D2000 = 39.6
48 hours at21±2°C
DGEBA mix 4, HT cure Epikote 828 = 35.9 
Jeffamine D230 = 4.6 
Jeffamine D2000 = 39.6
18 hours at 100°C
TGDDM-DDS TGDDM = 100 
DDS = 31.5
6 hours at 150°C
TGDDM-DDS10% 
Thermoplastic (TP)
TGDDM = 100 
DDS = 31.5
Polyethersulphone (PES) = 13.2 5 hours at 150°C 
4 hours at 180°C 
under (N2)
3 hours at 200°C
TGDDM-DDS 20% (TP) TGDDM = 100 
DDS = 31.5 
PES = 26.3
TGDDM-DDS 30% (TP) TGDDM = 100 
DDS = 31.5 
PES = 39.5
DGEBA-piperidine Epikote 828 = 100 
Piperidine = 5
16 hours at 120°C
DGEBA-piperidine-CTBN Epikote 828 = 100 
Piperidine = 5 
CTBN = 15
16 hours at 120°C
Table C. 1: composition and cure of adhesive matrices used in uptake experiments
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Figure C. 1: Water diffusion into DGEBA mix 1
Figure C.2: Water diffusion into DGEBA mix 2
Figure C.3: Water diffusion into DGEBA mix 3
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Figure C.4: Water diffusion into DGEBA mix 4
 RT cu© (30°C)
HTcure 
HT cure (30°C)
0 1000000 2000000 3000000 4000000 5000000 6000000
t0-5/!
Figure C.5: MM A diffusion into DGEBA mix 1
Figure C.6: MM A diffusion into DGEBA mix 2
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Figure C. 7: MMA diffusion into DGEBA mix 3
Figure C.8: MMA diffusion into DGEBA mix 4
Figure C.9: MMA diffusion into TGDDM
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Figure C. 10: MM A diffusion into TGDDM with 10% PES toughening phase
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Figure C. 11: MMA diffusion into TGDDM with 20% PES toughening phase
Figure C. 12: MMA diffusion into TGDDM with 30% PES toughening phase
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Figure C. 13: MM A diffusion into Piperdine cured DGEBA, control and CTBN modified
Figure C. 14:2-EHMA diffusion into DGEBA mix 1
Figure C. 15:2-EHMA diffusion into DGEBA mix 2
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Figure C. 16:2-EHMA diffusion into DGEBA mix 3
Figure C. 17:2-EHMA diffusion into DGEBA mix 4
Figure C. 18:2-EHMA diffusion into TGDDM
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Figure C. 19:2-EHMA diffusion into TGDDM with 10% toughening phase
Figure C.20:2-EHMA diffusion into TGDDM with 20% toughening phase
Figure C.21:2-EHMA diffusion into TGDDM with 30% toughening phase
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Figure C.22:2-EHMA diffusion into Piperidine cured DGEBA, control and CTBN modified
